Dynamic Optoelectronic Properties in Perovskite Oxide Thin Films Measured with Ultrafast Transient Absorption & Reflectance Spectroscopy by Smolin, Sergey Y.
  
Dynamic Optoelectronic Properties in Perovskite Oxide Thin Films 
Measured with Ultrafast Transient Absorption & Reflectance Spectroscopy 
 
 
A Thesis 
Submitted to the Faculty 
of 
Drexel University 
by 
Sergey Y. Smolin 
in partial fulfillment of the 
requirements for the degree 
of 
Doctor of Philosophy 
June 2017 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 Copyright 2017 
Sergey Y. Smolin. All Rights Reserved.
ii 
 
 
 
Dedications 
To my loving family 
 
 
 
 
 
 
 
 
 
  
iii 
 
 
Acknowledgements 
This thesis is a result of the hard work of many people to whom I am deeply 
grateful. First, I wish to acknowledge my advisor Prof. Jason B. Baxter. Dr. Baxter 
provided me with the ideal balance of guidance and independence, allowing me to grow 
intellectually under his mentorship. He was always available to discuss experimental 
results and their significance. Hundreds of critical comments related to the research 
throughout the years were always thoughtful and strengthened the scientific validity of the 
work presented here. I could not have asked for a better mentor.  
Secondly, I acknowledge Prof. Steven J. May from the Materials Science 
Department, whose expertise in perovskite oxide thin films was critical for all the work 
presented here. His comments were always appreciated and his enthusiasm for research 
was infectious, exciting me to do the next set of experiments or write up the latest results.  
 I would also like to thank all the other committee members, including Prof. Masoud 
Soroush, Prof. Aaron Fafarman, and Prof. James Rondinelli. Their appreciated feedback 
throughout my Ph.D. work helped shape the course of my research.  
 The research presented is very collaborative and I specifically acknowledge Dr. 
Mark Scafetta and Dr. Amber Choquette, both students in Steve May’s Thin Film Oxides 
group. They grew most of the perovskite thin films used in this research as well as 
characterized their structural and static optical properties. Dr. Scafetta and Dr. Choquette’s 
knowledge on the static optoelectronic properties were essential to the correct 
interpretation of time-resolved data.  
 Within Dr. Baxter’s nanomaterials for energy application and technology (NEAT) 
laboratory, I express my sincere appreciation for Siming Li’s help with countless 
iv 
 
 
experiments, theoretical discussions, and many trips to Brookhaven National Laboratory. 
I also acknowledge Glenn Guglietta for his guidance learning how to operate the laser 
system which makes up most of the experiments described in this thesis. A bulk of my time 
in the NEAT lab was spent in the company of Dr. Michael Edley, and many research 
discussions took place over lunch and coffee which enhanced my research. I thank Adrian 
Mendonsa who was always enthusiastic about helping with data analysis. Many other 
students in our lab deserve recognition including Dr. Borira Opasanont, Mohammad Mehdi 
Taheri, Anthony Abel, and Anjli Patel for their helpful feedback during lab group meetings.    
 External collaborations were also essential for improving the scientific rigor of the 
research presented here. I express my appreciation for Dr. Matt Sfeir, who hosted Siming 
and I many times to conduct ultrafast experiments at Brookhaven National Laboratory’s 
Center for Functional Nanomaterials. Also, as part of the DAAD RISE Professional 
fellowship, Prof. Dr. Marcus Bär allowed me to study electronic interfacial properties of 
perovskite oxides in his Interface Design group at Helmholtz-Zentrum Berlin (HZB). That 
was a tremendous professional and personal learning experience which for which I am very 
grateful. Further acknowledgment goes to Dr. Evelyn Handick and Dr. Leo Köhler for 
welcoming me into the lab and training me how to perform and analyze X-ray 
photoelectron spectroscopic data. I also acknowledge Prof. Ryan Comes at Auburn 
University for a fruitful collaboration looking at the influence of co-doping on carrier 
lifetimes in perovskite oxide thin films.  
I also would like to thank fellow students Dr. Caitlin Dillard, Dr. Silas Simotwo, 
and Dr. Richa Singhal for their support through the Ph.D. program at Drexel University. 
v 
 
 
I acknowledge funding from the National Science Foundation, under grant numbers 
ECCS-1201957 and DMR-1507988. The time spent in HZB was partially funded by the 
German Academic Exchange Service (DAAD) through the Research Internships in Science 
and Engineering (RISE) professional program 2015 ID 5708457. Many experiments were 
taken at the Center for Functional Nanomaterials, Brookhaven National Laboratory, which 
is supported by the U.S. Department of Energy, Office of Basic Energy Sciences, under 
Contract NO. DE-ACO2-98CH10886. Other funding sources for specific experiments are 
provided at the end of the relevant chapters.  
 For moral support, I want to express my appreciation to my loving family who 
encouraged me throughout my education, but especially in the Ph.D. Specifically, I thank 
Dr. Yuriy Smolin for his valuable insights into research and help throughout the entire 
Ph.D. program. Natalie and Alex were always there to put things in perspective. My 
appreciation also goes to my fiancée Laurel McLaughlin, whose outside viewpoint was 
valuable and who proofread many papers. Lastly, I would like to thank my parents, 
Yevgeny and Natalya Smolin who fostered a love of science from a young age and who 
always supported me.  
   
  
  
 
 
 
  
vi 
 
 
Table of Contents 
List of Tables ...................................................................................................................... x 
List of Figures .................................................................................................................... xi 
Abstract .......................................................................................................................... xviii 
Chapter 1. Introduction ....................................................................................................... 1 
1.1. Semiconductors ........................................................................................................ 1 
1.1.1. Light absorption ................................................................................................. 3 
1.1.2. Charge transport ................................................................................................. 3 
1.2. Perovskite Oxides ..................................................................................................... 5 
Crystal Structure ........................................................................................................... 5 
1.2.1. Photovoltaic Promise.......................................................................................... 9 
1.3. Broader Impact ....................................................................................................... 10 
Chapter 2. Dynamic optoelectronic processes .................................................................. 11 
2.1. Carrier dynamics ..................................................................................................... 11 
2.1.1. Generation ........................................................................................................ 11 
2.1.2. Carrier cooling.................................................................................................. 12 
2.1.3. Carrier recombination ...................................................................................... 12 
2.2. Measuring recombination lifetimes ........................................................................ 15 
2.2.1. Ultrafast transient absorption/reflectance spectroscopy principles .................. 16 
2.2.2. Carrier-induced changes to the complex refractive index ................................ 19 
2.2.1. Heat-induced changes to the refractive index .................................................. 21 
Chapter 3. Experimental Methods .................................................................................... 22 
3.1. Thin film growth ..................................................................................................... 22 
3.2. Structural and optical characterization ................................................................... 22 
vii 
 
 
3.3. Dynamic optical characterization ........................................................................... 23 
Chapter 4. Energy level alignment and cation charge states at the LaFeO3/LaMnO3 (001) 
heterointerface................................................................................................................... 24 
4.1. Introduction ............................................................................................................ 24 
4.2. Experimental ........................................................................................................... 27 
4.3. Crystalline quality and interfacial integrity ............................................................ 28 
4.4. Interfacial charge states .......................................................................................... 30 
4.5. Valence band offsets ............................................................................................... 31 
4.6. Temperature dependent resistivity.......................................................................... 34 
4.7. Band alignments ..................................................................................................... 36 
4.8. Summary ................................................................................................................. 37 
4.9. Acknowledgements ................................................................................................ 38 
Chapter 5. Decoupling ultrafast thermal and carrier-induced optoelectronic changes using 
heterostructures ................................................................................................................. 39 
5.1. Introduction ............................................................................................................ 39 
5.2. Experimental ........................................................................................................... 44 
5.3. Absorption and band alignments. ........................................................................... 44 
5.4. Probing heating with heterostructures .................................................................... 45 
5.5. Thermal difference spectra from ellipsometry ....................................................... 48 
5.6. Carrier-induced features ......................................................................................... 51 
5.7. Heat-per-carrier modulation ................................................................................... 53 
5.8. Substrate contribution ............................................................................................. 54 
5.9. Kinetics: heating and electrons ............................................................................... 56 
5.10. Thermal transport modeling ................................................................................. 60 
5.11. Heat transfer in LFO/LMO heterostructure. ......................................................... 62 
viii 
 
 
5.12. Summary ............................................................................................................... 64 
Chapter 6. Influence of  heterovalent A-site substitution and oxygen vacancies .............. 66 
6.1. Introduction ............................................................................................................ 66 
6.2. Experimental methods ............................................................................................ 68 
6.3. Characterization ...................................................................................................... 71 
6.4. Composition-dependent absorption ........................................................................ 72 
Effect of oxygen vacancies ......................................................................................... 74 
6.5. Quantitative correlation between absorption and composition. ............................. 75 
6.6. Dynamic optoelectronic properties ......................................................................... 77 
6.7. Near-infrared (NIR) probe of Fe4+ electronic configuration. ................................. 80 
6.8. Conclusions ............................................................................................................ 85 
Chapter 7. A and B-site co-doping in SrTiO3 .................................................................... 87 
7.1. Introduction ............................................................................................................ 87 
7.2. Experimental ........................................................................................................... 89 
7.3. Probing doping-induced transitions ........................................................................ 90 
7.4. Auger and Shockley-Read-Hall (SRH) recombination model ............................... 93 
Chapter 8. Conclusions and Implications ......................................................................... 96 
References ......................................................................................................................... 98 
Appendix A. Supporting Information for Chapter 2 ....................................................... 117 
Appendix B. Supporting Information for Chapter 4 ....................................................... 118 
Appendix C. Supporting Information for Chapter 5 ....................................................... 127 
Appendix D. Supporting Information for Chapter 6 ....................................................... 131 
Appendix E. Supporting Information for Chapter 7 ....................................................... 135 
Vita .................................................................................................................................. 140 
ix 
 
 
Publications ..................................................................................................................... 141 
 
  
x 
 
 
List of Tables 
Table 4-1. Thickness (t), surface roughness (R) and c-axis lattice parameters (c) for all 
samples deposited on LSAT substrates obtained from x-ray reflectivity and diffraction 
analysis. Samples on SrTiO3:Nb substrates were deposited simultaneously resulting in 
approximately equal layer thicknesses.............................................................................. 26 
Table 7-1. Fitted parameters for kinetics using an Auger and Shockley-Read-Hall 
recombination model. Pump at 4 eV................................................................................. 93 
 
  
xi 
 
 
List of Figures 
Figure 1-1. Energy vs. momentum schematic band structure in a direct two band 
semiconductor. Conduction and valence bands are labeled as CB and VB. ....................... 3 
Figure 1-2. Efficiency vs. carrier lifetime for a modeled CIGS device. Reproduced with 
data from Farhil et al,5  with permission from the publisher © 2011 IEEE. ...................... 4 
Figure 1-3. Periodic table highlighting the A-site atoms (green) and B-site atoms (purple) 
that will make up the composition of perovskite oxides for this research, reproduced from  
Schlom et al,28 with permission from the publisher © 2008. .............................................. 6 
Figure 1-4. The crystal structure of a cubic perovskite oxide. Left: a A-site atom encased 
by eight BO6 octahedra, forming a cuboctahedron cage; Right: a BO6 octahedron (dashed 
lines) encased by 8 A-site atoms. the dotted lines represent the unit cell.  Adapted from 
Goodenough,30 with permission from the publisher © 2004. ............................................. 7 
Figure 1-5. Optical bandgaps of several perovskite oxides plotted against their lattice 
parameters. ........................................................................................................................ 10 
Figure 2-1. Dynamic phenomena that occur within a semiconductor plotted on a schematic 
electron band structure with energy on the y-axis and momentum on the x-axis. Excitation 
(red) promotes an electron from the valence band (VB) to the conduction band (CB) if the 
excitation energy is greater than the band gap (Eg). Carrier cooling (blue) is the relaxation 
of these excited carriers down the band minimum, releasing heat. Recombination (green) 
is the annihilation of the mobile electron and hole with one-another, releasing the energy 
as light or heat. .................................................................................................................. 11 
Figure 2-2. Various types of recombination. (a) radiative recombination occurs when an 
electron and hole recombination across the band gap, releasing a photon; the opposite of 
generation. (b) in trap-assisted recombination, the electron or hole falls into a trap state 
within the band gap, which facilitates recombination. In this case, the excess energy 
typically converted into heat. The trap may be in the bulk of the semiconductor, called 
Shockley-Read-Hall recombination, or at the surface, called surface recombination. (c) In 
Auger recombination, the excess energy given off during the recombination is given to a 
third carrier, which rapidly thermalizes. The schematics display direct recombination 
events, but indirect recombination is also possible and would require conservation of 
momentum typically through electron-phonon interactions. ............................................ 13 
Figure 2-3. Schematic of a pump-probe experiment. The pump less than a picosecond and 
tuned to a single wavelength. The probe is delayed relative to the pump and can vary in 
energy but here we use broadband light white which spans the UV/visible/near infrared 
range. ................................................................................................................................. 15 
Figure 2-4. Schematic comparing thermal and several electronic contributions to the (a) 
absorption profile and the resulting (b) transient absorption spectra relative to a band gap 
xii 
 
 
position. Not drawn to scale. Thermal expansion typically leads to a red-shift and 
broadening in the electronic band structure which manifest as decreased light transmission 
close to the band gap. Band-filling with photoexcited carriers has a contrasting effect, 
effectively blue-shifting the band gap and leading to increased light transmission above the 
band gap. Intraband free carrier absorption traditionally follows a drude 1/E2 dependence 
while interband free carrier absorption can typically be observed below the band gap 
through new absorption pathways. The actual spectral positions and shapes are highly 
dependent on the band structure of the semiconductor. .................................................... 20 
Figure 4-1. (a) STEM-HAADF image of the (LFO)52/(LMO)51/LSAT sample. The inset is 
a magnification of the interfacial region. White lines are guides to the eye showing the 
average location of the two interfaces. (b) STEM-EELS color map of the entire bilayer 
with Fe L2,3 as green and Mn L2,3 as red; the white lines highlight the region of interfacial 
roughness. (c) X-ray reflectivity data and model fit for the (LFO)15/(LMO)47/LSAT sample. 
(d) X-ray diffraction data and simulation of the (LFO)15/(LMO)47/LSAT sample. ......... 28 
Figure 4-2. (a) Averaged EELS line scan across a large region of the 
(LFO)52/(LMO)51/LSAT bilayer showing the compositional roughness of the LFO/LMO 
interface. The lower panel is a blow-up of the interfacial region of the profile. (b) 
Monochromated EELS fine structure analysis of the Mn L3 (left panel) and Fe L3 (right 
panel) edges showing the nominal 3+ character of both Fe and Mn, for the first four layers 
of LFO and LMO from the interface. ............................................................................... 30 
Figure 4-3.Valence band photoemission spectra measured using 6 keV excitation. (a) The 
spectrum of the entire valence band region, showing contributions from the LFO and LMO 
density of states. (b) A detail plot shows the region of the valence band maxima. Linear 
extrapolation of the valence band leading edge is used to determine the VBM values. The 
VBM value marked with arrow is an assumed value rather than a measured value; see text 
for details. ......................................................................................................................... 31 
Figure 4-4. Resistance as a function of temperature for the LMO film and bilayer samples. 
All bilayers remain insulating, indicating that the presence of the heterojunction does not 
result in a conducting interface. The resistance of the LFO film exceeded the measurement 
capabilities below 185K. ................................................................................................... 34 
Figure 4-5. (a) Optical absorption spectra obtained from monolithic LMO and LFO films 
on LSAT. (b) Tauc fit used to extract a band gap of 2.4 eV from LFO. (c) Linear fit to 
optical absorption yielding a band gap of 0.7 eV for LMO. (d) Schematic of the energy 
levels for the surface of the LFO and LMO samples as well as the LFO/LMO (001) 
interface. The valence band maximum (VBM) positions and the related offset (black lines) 
have been directly measured. The position of the conduction band minima (CBM) and the 
related offset (grey lines) has been estimated by adding the optically derived (bulk) band 
gaps of LFO and LMO to the derived VBM positions. The larger experimental uncertainty 
in deriving the LMO band gap (see article text for more details) and thus in estimating the 
related CBM is represented by the grey hatched area....................................................... 36 
xiii 
 
 
Figure 5-1. Schematic of a type I heterojunction with heat flow but not carrier transfer to 
the higher band gap material following photoexcitation of the lower band gap material.  By 
pumping the photoexcited material with a higher energy than the band gap, lattice heating 
from carrier thermalization increases the temperature compared to the unexcited material.  
Thus, the time-resolved influence of heat on optical properties in the larger bandgap 
material can be monitored ultrafast spectroscopy. ............................................................ 42 
Figure 5-2. Optical absorption for (LaMnO3)55 (21.9 nm), (LaFeO3)41 (16.5nm), and a 
(LFO)52/(LMO)51 (20.9 nm/20.2 nm) heterostructure all grown on LSAT. Inset shows the 
band alignment as determined previously. 123................................................................... 45 
Figure 5-3. (a,b) transient absorption and (c,d) reflectance data for LFO/LMO/LSAT 
excited at 1.55 eV. (a) and (c) provide the energy and time resolved optical changes, while 
(b) and (d) show spectral slices at several delay times ranging from 2 ps to 1 ns. ........... 47 
Figure 5-4. Ex-situ thermal difference spectra for  LaFeO3 measured by spectroscopic 
ellipsometry. The (a) dT/T and  (b) dR/R spectra were calculated relative to room 
temperature with equations 1-5 and 1-6............................................................................ 49 
Figure 5-5. Ultrafast broadband transient absorption and reflectance measurements of 
LaFeO3 (16 nm) on LSAT, exciting at 4 eV. In both cases, the spectral peaks arising from 
heating at 2.5 and 3.5 eV dominate the spectral response 2 ps after excitation................ 51 
Figure 5-6. (a) normalized transient absorption spectra derived from photoexcited carriers 
and heat for LaFeO3. (b) monitoring the region between 1.5ev and 2.8 eV, LaFeO3 was 
excited with varying energies to modulate the heat-per-carrier following excitation. At 
energies closer to the band gap, the relative spectral weight associated with heating at 2.5 
eV decreases compared to the non-thermal feature at 1.9 eV........................................... 53 
Figure 5-7. Normalized kinetics probed in LaFeO3 at the three spectral features 
corresponding to heating and a photoinduced absorption below the band gap partially due 
to photoexcited electrons and holes. The thermal regions have nearly identical kinetics, 
whereas decay kinetics of the photoinduced absorption below the band gap is considerably 
slower. Kinetics were normalized to the signal at 2 ps following excitation. .................. 56 
Figure 5-8. Ultrafast transient absorption spectra and kinetics for LaMnO3.  (a) comparison 
of ex-situ thermal difference spectra taken with ellipsometry (red line) with the transient 
absorption spectra 2 ps following excitation. (b) decay kinetics from probing the time 
resolved transient absorption data at 1.95 eV and 3.1 eV are nearly identical. ................ 58 
Figure 5-9. Decay kinetics for monolithic LaMnO3 and a LaFeO3/LaMnO3 bilayer both 
excited at 1.55 eV and probed slightly above the bandgap at 1.0 eV. Temperature rise is 
LaMnO3 is calculated as 39.5K. ....................................................................................... 60 
Figure 5-10. (a) normalized dR/R signal for several different thickness of  LaFeO3 grown 
on LSAT (symbols) and modeled normalized temperature rise within the probe depth with 
a shared thermal conductivity  of 6.4 W/m K (lines). (b) normalized dT/T signal for 
xiv 
 
 
LaMnO3 data (symbols) with a modeled normalized temperature rise (line). Best fit gave a 
thermal conductivity of 2.4 W/m K .................................................................................. 62 
Figure 5-11. (a) monitoring the temperature rise in LaFeO3 in a LFO/LMO/LSAT 
heterostructured film following excitation heating of LaMnO3. (b) comparison of cooling 
kinetics in LMO with and without a LFO cover, the maximum difference is reached around 
100 ps. ............................................................................................................................... 64 
Figure 6-1. X-ray diffraction of La1-xSrxFeO3-δ films (δ≈0) on LSAT and corresponding c-
axis crystal parameter versus Sr fraction (inset). (b) Rutherford backscattering 
spectrometry data and fits for three representative films; the data is offset for clarity. Red 
shading is an approximate representation of the region used for estimating cation 
composition within the films. ........................................................................................... 71 
Figure 6-2. Optical absorption changes in LSFO with changing (a) Sr fraction (δ≈0) and 
(b) oxygen content. (c) Schematic density of states diagrams for LFO and LSFO, showing 
effect of Sr substitution. We hypothesize that similar changes are brought about through 
oxygen vacancies. The schematic in (c) is based on Refs. 24 and 36 with majority spin 
states outlined in black and minority spin states outlined in red and blue. The presence or 
absence of the band gap in (c) for LSFO is dependent on the Sr fraction. ....................... 72 
Figure 6-3. (a) Absorption coefficient versus Sr fraction in the oxygen stoichiometric(δ 
≈0) films. (b) Nominal Fe valence (left axis) and oxygen deficiency, δ (right axis) in the 
x=0.76 film as a function of heating time at 300°C. In (a), nominal Fe valence is estimated 
as 3 plus the Sr fraction. .................................................................................................... 76 
Figure 6-4. Transient reflectance spectra taken 5 ps following photoexcitation for LSFO 
films with (a) varying Sr fraction (δ ≈0) and (b) oxygen vacancy concentration. Pump at 
4.0 eV, 2.4 mJ/cm2 (oxygen stoichiometric experiments) and 2.7 mJ/cm2 (oxygen deficient 
experiments).  In (a), nominal Fe valence is estimated as 3 plus the Sr fraction. The nominal 
Fe valence associated with the heating times in (b) can be seen in Figure 6-3(b). .......... 80 
Figure 6-5.Near-infrared transient reflectance spectroscopy for LSFO films with (a,c) 
stoichiometric oxygen (δ ≈0) but varying Sr fraction, and (b,d) LSFO x=0.76 with varying 
oxygen deficiency. (a) and (b) show spectral data at 5 ps following photoexcitation. (c) and 
(d) show kinetics integrated over probed energies of 1.0-1.45 eV. The pump photon energy 
was 4.0 eV and fluence was 0.12  mJ/cm2. In (a,c), nominal Fe valence is estimated as 3 
plus the Sr fraction. ........................................................................................................... 82 
Figure 7-1. (a) Map of change in reflectivity with time and probe energy; (b) Spectral 
response at ~5 ps; (c) Normalized transient reflectivity at the energy corresponding to the 
minimum in ΔR. Points are experimental data and lines show the model.  In all cases the 
films were pumped at 4 eV with 1.06±0.04 mJ/cm2-pulse. .............................................. 91 
Figure A-1. Ground-state EELS valence state determination of the bilayer sample 
(LFO)52/(LMO)51/LSAT and comparison with references. Panel (a) presents the Mn L-
edge, references for Mn3+ and Mn4+ are Mn2O3 and MnO2.
49, 178 Panel (b) presents the Fe 
L-edge, references for Fe2+ and Fe3+ in octahedral environment and Fe3+ in square-
xv 
 
 
pyramidal environment. 179 The reference spectra are taken from Refs.180-181 These two 
graphs justify the nominal valence states of both Mn and Fe to be 3+, already in the first 
unit cell right at the interface. The naming is identical to Figure 2 of the main manuscript.
......................................................................................................................................... 118 
Figure A-2. Expanded view of valence band photoemission spectra for 
(LFO)52/(LMO)51/Nb:STO measured  using 6 keV excitation. Due to the small VBM signal 
from the LMO density of states, the valence band minimum value cannot be derived 
without significant uncertainty. A background line and arrow have been added to illustrate 
a VBM of -0.3 eV relative to EF, which was derived from the other bilayer samples and is 
consistent with this bilayer as well. ................................................................................ 119 
Figure A-3. HAXPES Fe 2p core level spectra for monolithic LFO and two bilayer 
LFO/LMO films. The constant binding energy position and multiplet structure indicate that 
minimal interfacial interactions occur. ........................................................................... 120 
Figure A-4. HAXPES Mn 2p core level spectra for LMO and two bilayer LFO/LMO films. 
The shape of the peak at ~642 eV in monolithic LMO differs from LMO in bilayers. . 121 
Figure A-5. Valence band photoemission spectra measured using 6 keV excitation plotted 
with normalized intensity plotted on a logarithmic scale revealing no significant spectral 
intensity (i.e, occupied density of states) at the EF. ........................................................ 122 
Figure A-6. Tauc modeling of the LaMnO3 absorption edge using an indirect allowed 
model for the transition. The obtained band gap ranges from 0.45 to 0.48 eV depending on 
the exact spectral range that is included in the fit, as illustrated by the blue and red lines. 
Hence, due to this uncertainty, in the main manuscript we use a value of 0.5 eV for the 
LMO band gap derived using this method. ..................................................................... 123 
Figure A-7. (a) X-ray reflectivity data and model fit for the (LFO)41/LSAT sample. (b) X-
ray diffraction data and simulation of the (LFO)41/LSAT sample. ................................. 124 
Figure A-8. (a) X-ray reflectivity data and model fit for the (LFO)4/(LMO)44/LSAT 
sample. (b) X-ray diffraction data and simulation of the (LFO)4/(LMO)44/LSAT sample.
......................................................................................................................................... 124 
Figure A-9. (a) X-ray reflectivity data and model fit for the (LFO)7/(LMO)47/LSAT 
sample. (b) X-ray diffraction data and simulation of the (LFO)7/(LMO)47/LSAT sample.
......................................................................................................................................... 125 
Figure A-10. (a) X-ray reflectivity data and model fit for the (LFO)52/(LMO)51/LSAT 
sample. (b) X-ray diffraction data and simulation of the (LFO)52/(LMO)51/LSAT sample.
......................................................................................................................................... 125 
Figure A-11. (a) X-ray reflectivity data and model fit for the (LMO)55/LSAT sample. (b) 
X-ray diffraction data and simulation of the (LMO)55/LSAT sample ............................ 126 
Figure B-1. LSAT substrate excited at 3.9  mW at 4 eV. .............................................. 128 
xvi 
 
 
Figure B-2. ex situ thermal difference spectra obatined through tmperature dependent 
ellipsometry for LFO. ..................................................................................................... 129 
Figure B-3. ex situ thermal difference spectra obatined through tmperature dependent 
ellipsometry for LMO. .................................................................................................... 129 
Figure B-4. Comparison of reflectance spectra of LFO. ................................................ 130 
Figure B-5.  Reflectance change kinetics for LFO, following excitation at 3.1 eV ...... 130 
Figure C-1. Energy as a function of x for the transition between the valence band and the 
minority spin Fe 3d t2g conduction band as determined by fitting the optical absorption to 
a direct forbidden transition. ........................................................................................... 131 
Figure C-2. Fitted time constants from the biexponential fit of the near infrared transient 
reflectance spectroscopy data. Panels (a) and (b) correspond to fast and slow components 
of the kinetics, respectively, for the oxygen stoichiometric films with changing Sr fraction. 
Panels (c) and (d) correspond to fast and slow components of the kinetics, respectively, for 
the oxygen deficient LSFO films with changing oxygen content. Standard error of the fit 
of a specific kinetic trace is smaller than the size of the symbols, and experimental 
uncertainty associated with power fluctuations and uncertainty in the beam profile is 
estimated to be 5%. ......................................................................................................... 132 
Figure C-3. Normalized UV/ Visible transient reflectance kinetic data (symbols) and 
biexponential fit (line) with residuals (inset). Data is for oxygen stoichiometric x=0.05 film.
......................................................................................................................................... 133 
Figure C-4. Normalized NIR transient reflectance kinetic data (symbols) and bi-
exponential fit (line) with residuals (inset). Data is for oxygen stoichiometric x=0.05 film.
......................................................................................................................................... 133 
Figure C-5. Normalized UV/Visible transient reflectance kinetic data (symbols) and 
biexponential fit (line) with residuals (inset). Data is for the oxygen deficient x=0.76 film, 
heated for 20 min. ........................................................................................................... 134 
Figure C-6. Normalized NIR transient reflectance kinetic data (symbols) and bi-
exponential fit (line) with residuals (inset). Data is for the oxygen deficient x=0.76 film, 
heated for 20 min. ........................................................................................................... 134 
Figure D-1: Color maps of time and energy dependence of reflectivity for a) SrTiO3 and 
b) 10% doped SLTCO. ................................................................................................... 135 
Figure D-2: Reflectance versus energy for SrTiO3 substrate showing the same broad 
bleach feature as in the STO film. The pump-probe time delay is 5 ps. ......................... 136 
Figure D-3:  a) Reflectance transient color map and  b) line profile for LSAT substrate 
showing no change in reflectance. .................................................................................. 137 
xvii 
 
 
Figure D-4. linearized kinetic data for  (a) SRH, (b) radiative recombination, and (c) Auger 
recombination. Data from 3% SLTCO sample. .............................................................. 139 
 
 
 
 
 
 
 
 
 
 
 
  
xviii 
 
 
Abstract 
Dynamic Optoelectronic Properties in Perovskite Oxide Thin Films Measured with 
Ultrafast Transient Absorption & Reflectance Spectroscopy 
 
 
Sergey Y. Smolin 
Advisor: Jason B. Baxter, Ph.D. 
 
 
 
 
Ultrafast transient absorption and reflectance spectroscopy are foundational 
techniques for studying photoexcited carrier recombination mechanisms, lifetimes, and 
charge transfer rates. Because quantifying photoexcited carrier dynamics is central to the 
intelligent design and improvement of many solid state devices, these transient optical 
techniques have been applied to a wide range of semiconductors. However, despite their 
promise, interpretation of transient absorption and reflectance data is not always 
straightforward and often relies on assumptions of physical processes, especially with 
respect to the influence of heating. Studying the material space of perovskite oxides, the 
careful collection, interpretation, and analysis of ultrafast data is presented here as a guide 
for future research into novel semiconductors. 
Perovskite oxides are a class of transition metal oxides with the chemical structure 
ABO3. Although traditionally studied for their diverse physical, electronic, and magnetic 
properties, perovskite oxides have gained recent research attention as novel candidates for 
light harvesting applications. Indeed, strong tunable absorption, unique interfacial 
properties, and vast chemical flexibility make perovskite oxides a promising photoactive 
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material system. However, there is limited research characterizing dynamic optoelectronic 
properties, such as recombination lifetimes, which are critical to know in the design of any 
light-harvesting device. In this thesis, ultrafast transient absorption and reflectance 
spectroscopy was used to understand these dynamic optoelectronic properties in high-
quality, thin (<50 nm) perovskite oxide films grown by molecular beam epitaxy.  
Starting with epitaxial LaFeO3 (LFO) grown on (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT), 
transient absorption spectroscopy reveals two photoinduced absorption features at the band 
gap of LFO at 2.4 eV and at the higher energy absorption edge at 3.5 eV. Using a 
combination of temperature-dependent, variable-angle spectroscopic ellipsometry and 
time-resolved ultrafast optical spectroscopy on a type I heterostructure, we clarify thermal 
and electronic contributions to spectral transients in LaFeO3. Upon comparison to 
thermally-derived static spectra of LaFeO3, we find that thermal contributions dominate 
the transient absorption and reflectance spectra above the band gap. A transient 
photoinduced absorption feature below the band gap at 1.9 eV is not reproduced in the 
thermally derived spectra and has significantly longer decay kinetics from the thermally-
induced features; therefore, this long lived photoinduced absorption is likely derived, at 
least partially, from photoexcited carriers with lifetimes much longer than 3 nanoseconds.  
LaFeO3 has a wide band gap of 2.4 eV but its absorption can be decreased with 
chemical substitution of Sr for Fe to make it more suitable for various applications. This 
type of A-site substitution is a common route to change static optical absorption in 
perovskite oxides, but there are no systematic studies looking at how A-site substitution 
changes dynamic optoelectronic properties. To understand the relationship between 
composition and static and dynamic optical properties we worked with the model system 
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of La1–xSrxFeO3−δ epitaxial films grown on LSAT, uncovering the effects of A-site cation 
substitution and oxygen stoichiometry. Variable-angle spectroscopic ellipsometry was 
used to measure static optical properties, revealing a linear increase in absorption 
coefficient at 1.25 eV and a red-shifting of the optical absorption edge with increasing Sr 
fraction. The absorption spectra can be similarly tuned through the introduction of oxygen 
vacancies, indicating the critical role that nominal Fe valence plays in optical absorption. 
Dynamic optoelectronic properties were studied with ultrafast transient reflectance 
spectroscopy with broadband visible (1.6 eV to 4 eV) and near-infrared (0.9 eV to 1.5 eV) 
probes. The sign of the reflectance change in the near-infrared region in LSFO is indicative 
of carrier bandfilling of newly created electronic states by photoexcited carriers. Moreover, 
we find that similar transient spectral trends can be induced with A-site substitution or 
through oxygen vacancies, which is a surprising result. Probing the near-infrared region 
reveals similar nanosecond (1-3 ns) photoexcited carrier lifetimes for oxygen deficient and 
stoichiometric films. These results demonstrate that while the static optical absorption is 
strongly dependent on nominal Fe valence tuned through cation or anion stoichiometry, 
oxygen vacancies do not appear to play a significantly detrimental role in long lived 
recombination kinetics. 
Although this thesis represents one of the first comprehensive studies using broad 
band transient absorption and reflectance spectroscopy to study dynamic optoelectronic 
phenomena in perovskite oxides, it can also serve as a guide for the implementation and 
interpretation of ultrafast spectroscopy in other material systems. Moreover, the ultrafast 
work on perovskite oxides indicates that these materials have long nanosecond lifetimes 
required for light harvesting devices and should be investigated further.  
  
 
 
 
 
 
1 
 
 
Chapter 1. Introduction 
Dynamic optoelectronic phenomena in semiconductors are fundamental to the 
inter-conversion of light, heat, chemical energy, and electricity; and their study has broad 
implications for many research areas and applications including photovoltaics, photo-
catalysis, thermal sensors, and solid-state lighting. Given the increasing importance of 
these technologies for the future, it is critical to investigate the underlying ultrafast physical 
phenomena as a route to improve the material selection and the design of solid-state 
devices.  
Several dynamic optoelectronic processes, along with the promising light-
harvesting material class of perovskite oxides, are introduced below. This information will 
provide sufficient background on light absorption, carrier generation, charge transport, and 
recombination so later chapters can be understood. Additional excellent references related 
to solid state physics, semiconductors, and optical properties include  Kittel, 1 Ashcroft & 
Mermin,2, Kasap,3  and Pankove.4  
1.1. Semiconductors  
The hallmark of a semiconductor is the presence of a band gap, which is an 
energetic region devoid of electronic states, shown schematically on an energy-momentum 
diagram in Figure 1.1. In a perfect semiconductor at absolute zero, electrons occupy 
valence band states and are not mobile. Hence, pure semiconductors are typically insulators 
with very low electronic conductivity, although the conductivity is dependent on the size 
of the band gap and temperature.3 Above the valence band are unoccupied conduction band 
electronic states. When conduction band states fill with electrons, these carriers are mobile 
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and contribute to electrical conduction. The band gap is the region between the valence and 
conduction bands.  
The optical properties of the semiconductor are directly related to the transitions 
between these electronic bands, and hence optical spectroscopy can monitor electronic 
transitions between bands.4 Hence, changes in the electronic structure will manifest as 
changes in the optical properties. For example, if electrons in the valence band absorb 
energy greater than the band gap, they will be promoted to the conduction band, leaving a 
positively charged hole in the valence band and this change in the electronic structure will 
consequently alter the optical properties slightly. In this transient state, the electron or hole 
is mobile and can be used to perform work, so it is valuable to characterize its dynamics of 
this state to more efficiently utilize the energy associated with photoexcited carriers.  The 
transient state typically lasts less than a microsecond before the excited electron relaxes to 
the valence band, losing its energy in a process known as recombination.  
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Figure 1-1. Energy vs. momentum schematic band structure in a direct two band 
semiconductor. Conduction and valence bands are labeled as CB and VB.  
1.1.1. Light absorption 
Briefly, the band gap of the semiconductor governs light absorption and subsequent 
carrier generation, with light absorption approximated by the Beer-Lambert Law: 
𝐼𝑇 (𝐸,𝑥)
𝐼𝑖(𝐸)
= exp(−𝛼(𝐸)𝑥)  Equation 1-1  
Where 𝐼𝑖 and 𝐼𝑇 are the intensity of incident and transmitted light at a certain thickness 𝑥 
and energy 𝐸 , Transmittance, 𝑇 =
𝐼𝑇
𝐼𝑖
. The energetically resolved absorption coefficient 
𝛼(𝐸) is measure of the strength of absorption, with units of inverse length. Below the band 
gap the absorption coefficient is close to zero, and above the it is relatively large. For a 
light harvesting device, although the band gap determines the maximum theoretical 
efficiency of the cell, it is the absorption coefficient which imposes a design constraint on 
the thickness of the material. For the photoactive material to absorb 95% of the incident 
light, the thickness of the absorber, 𝐿𝑎 should be greater than 3𝛼
−1, imposing a design 
constraint on the absorber material, 𝐿𝑎 >  3𝛼
−1.  
1.1.2. Charge transport  
The characteristic distance that photoexcited carriers travel before recombination 
is known as the diffusion length,  
𝐿𝐷 =  √𝐷𝜏  Equation 1-2 
here 𝐿𝐷 is the diffusion length, 𝜏 is the minority carrier lifetime, and 𝐷 is the diffusion 
coefficient given by 𝐷 = 𝜇𝑘𝐵𝑇/𝑞 where 𝜇 is the mobility, 𝑘𝐵 is Boltzmann’s constant, 𝑇 
is temperature and 𝑞 is the charge of an electron. In light-harvesting devices, photoexcited 
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carriers must diffuse to an interface to be separated by drift before they recombine, 
therefore based on the diffusion length, there is a competing constraint on the absorber 
thickness, 𝐿𝑎 < 𝐿𝐷. 
 
 
 
Figure 1-2. Efficiency vs. carrier lifetime for a modeled CIGS device. Reproduced with 
data from Farhil et al,5  with permission from the publisher © 2011 IEEE. 
Generally, semiconductors with larger carrier diffusion lengths, either through 
longer recombination lifetimes or higher mobilities, exhibit larger power conversion 
efficiencies because photoexcited carriers can diffuse to a junction before recombination 
and the absorber layer can be made thicker, enabling semiconductor to absorb more of the 
incident light. Carrier lifetimes are correlated with larger short circuit current densities and 
larger open circuit voltages, leading to greater efficiency.5-8 For example, modeled power 
conversion efficiency vs carrier lifetimes for a CIGS-based photovoltaic cell is presented 
in Figure 1-2, clearly showing the correlation between longer lifetimes and higher 
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efficiency.5 Hence, it is important to measure carrier lifetimes and recombination 
mechanisms to facilitate efficiency improvements in the future.  
The intelligent design of light harvesting devices necessitates quantifying diffusion 
lengths broadly and carrier lifetimes specifically to determine whether both design 
constraints mentioned above may be satisfied, making the material promising for light 
harvesting applications. The  measurement of minority carrier lifetime is critical in the 
accelerated advancement of light harvesting devices as it offers a way to assess the potential 
of a material independently from performance losses that arise from sources such as non-
ideal contacts, parasitic absorption, reflection, and shunt/series resistance.9 However, 
because carrier dynamics such as generation, thermalization, trapping, and various forms 
of recombination occur on sub-nanosecond timescales, it is necessary to employ ultrafast 
pump probe spectroscopy to measure carrier dynamics, which is described in more detail 
in Chapter 2.   
1.2. Perovskite Oxides  
Crystal Structure 
 
Perovskite oxides, with the general chemical formula ABO3, have long been the 
center of intense materials research efforts due to their varied physical, electronic and 
magnetic properties.10-12 In recent years, increased attention has turned to the optical 
behavior of complex oxides with growing interest in their use for light-harvesting 
applications such as photocatalysis or photovoltaics.13-21 Of particular importance for such 
applications, many perovskite oxides have band gaps in the visible range22-23 with 
nanosecond recombination lifetimes,24-25 are largely composed of non-toxic and earth 
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abundant elements, and are chemically stable. Additionally, their physical properties are 
extremely tunable through chemical substitution, epitaxial strain, and heterostructuring.26-
27 
Typically, the A-site atom is from the pre- transition metal group on the periodic 
table. The B-site atoms typically come from the transition metal group corresponding to 
rows 4-11 and to the 3-5d series; as shown in Figure 1-3. To maintain charge neutrality, 
the A- and B- site atoms in perovskite oxides have valence states that sum to +6, hence the 
A-site atom determines the valence state and bonding environment of the B-site atom.  
 
Figure 1-3. Periodic table highlighting the A-site atoms (green) and B-site atoms (purple) 
that will make up the composition of perovskite oxides for this research, reproduced from  
Schlom et al,28 with permission from the publisher © 2008. 
The physical structure of a perovskite oxide with cubic symmetry is given in 
Figure. 1-4. Based on geometry, in a cubic perovskite crystal structure the following 
relationship relating ionic radii is true: 𝑟𝐴 + 𝑟𝑂 = √2(𝑟𝐵 + 𝑟𝑂)  where 𝑟𝑖  is the atomic 
radius of the i-site atom. Deviations away from the cubic structure can be quantified by a 
tolerance factor, 𝑡, which was originally formulated by Goldschmidt,29 𝑡 =
(𝑟𝐴+𝑟𝑂)
√2(𝑟𝐵+𝑟𝑂)
. For 
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cubic structures, 𝑡  is equal to unity; however cubic geometries have been found for 
tolerance factors from 0.75 to 1.29 When 𝑡 is less than unity, there is tension on the A-O 
bonds and compression for the B-O bonds. This stress is alleviated by a rotation of the BO6 
octahedra along the cubic axes to give rhombohedral or orthorhombic symmetry30. The 
condition of 𝑡  less than unity is present when the relative size of the A-site atom decreases 
compared to the B-site atom, so that incorporation of smaller A-site atoms should lead to 
larger BO6 rotations and smaller B-O-B angles, which is what is reported 
27. For conditions 
in which the tolerance factor is greater than unity the B-O bonds are under tension, the A-
O bonds are under compression, and the B-O-B angle remains 180°30. Typically, the 
structure can accommodate to this stress by losing its perovskite structure and adopting 
tetragonal or hexagonal structures 31.  
 
  
Figure 1-4. The crystal structure of a cubic perovskite oxide. Left: a A-site atom encased 
by eight BO6 octahedra, forming a cuboctahedron cage; Right: a BO6 octahedron (dashed 
lines) encased by 8 A-site atoms. the dotted lines represent the unit cell.  Adapted from 
Goodenough,30 with permission from the publisher © 2004. 
Perovskite oxide properties are more dependent on the B-site transition metal than 
on the A-site atom because the A-site atoms prefer fixed valence, closed shell 
configurations 27. Moreover, it is the BO6 octahedral that is considered the “functional 
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group” 27 in perovskite oxides. There are three types of distortions that can occur to the 
corner-connected BO6 octahedra including distortions to size, shape and connectivity. . 
Changes in size are equivalent to changes in the B-O bond lengths, changes in shape are 
related to the number of unequal B-O bonds in the BO6 octahedron. The BO6 octahedron 
in perovskite oxides are corner-connected and changes in connectivity is related to the 
rotations in the BO6 octahedral units. These rotations are equivalent to changing the B-O-
B angle.  There are three types of rotations that can occur in the BO6 octahedral, along the 
three orthogonal geometric planes, [100], [010], [001]32.  
These rotations can decrease B-O-B angles to less than 180° and decease the 
overlap between the O 2p- and B d-orbitals. Decreases in overlap and symmetry of these 
are important for determining material properties such as bandgaps 23, thermoelectrical 
properties (including conductivity)33, and magnetic properties 34. Typically, the 
connectivity in perovskite oxides can be altered with an appropriate choice of A- and B- 
site atoms. For example, the isovalent substitution of smaller A-site atoms in AMnO3 and 
ANiO3 caused B-O-B angles to decrease
27. Another composition-independent method to 
alter BO6 connectivity in thin films consists of appropriately choosing the substrate to 
induce epitaxial strain.  
 Strain is a state that arises when films have different in-plane lattice parameters 
than the substrates on which they are grown. Ideally, the film would prefer to be grown 
with the same lattice parameter as the substrate, however, when the lattice parameters are 
different, there is an energetic cost to stretching or shrinking those bonds, leading to a 
strained state, the equation for percent strain, 𝑠, as 𝑠(%) =
𝑎𝑠−𝑎𝑓
𝑎𝑓
∗ 100%, where 𝑎𝑗 is the 
pseudo cubic in-plane lattice parameter of the j-layer; in this case, 𝑗 = 𝑠 for the substrate 
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and 𝑗 = 𝑓 for the film. The strain can be tensile (positive) if the lattice parameter of the 
film is less than the substrate or compressive (negative) if the lattice parameter of the film 
is greater than that of the substrate.  
Films accommodate this strain in various ways, including changing the B-O bond 
lengths and B-O-B bond angles. Strain has the ability to induce ferroelectric properties 35 
and enhance spontaneous polarizations 36. Strain has two main effects in changing the 
structure of perovskite oxides. As strain goes from compressive to tensile, the out-of-plane 
B-O-B angle shift away from 180° and the in-plane B-O bond length increases; the in-plane 
B-O-B and the out-of-plane B-O bond length does not change appreciably with strain 27.  
1.2.1. Photovoltaic Promise 
Although there has been limited research on perovskite oxides for light harvesting 
applications, there are several factors which make perovskite oxides good candidates.  As 
shown in Fig. 1-5, several perovskite oxides have band gaps that lie in the visible range, 
1.5-3.3 eV, which is ideal for solar applications. Also, perovskite oxides are stable 29,37 and 
can be composed of abundant, non-toxic elements; both of these favorable factors for light 
harvesting applications. Indeed, interest is growing as there has been some work showing 
that BiFeO3 is able to achieve open-circuit voltages higher than the band gap.
20 
Furthermore, as mentioned in the previous section, perovskite oxide crystal structures are 
highly tunable so that desired chemical or electrical properties can be arrived at through 
several routes.  One route not mentioned above is the incorporation of two types of A-site 
atoms, 𝐴 and 𝐴’, so that the perovskite oxide chemical formula becomes  𝐴1−𝑥𝐴𝑥
′ 𝐵O3. This 
type of material system can change properties with respect to 𝑥.  
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Figure 1-5. Optical bandgaps of several perovskite oxides plotted against their lattice 
parameters. 
1.3. Broader Impact 
Working with epitaxial thin films of perovskite oxides, this thesis seeks to combine 
many ultrafast optoelectronic phenomena into a coherent format. Often one requires 
reviewing a great deal of spare sources to become familiar with the underlying physics and 
experimental methods used to quantify recombination lifetimes, charge transfer rates, and 
thermal diffusion with ultrafast transient absorption and reflectance spectroscopy. 
Although the material presented here is not exhaustive, it will hopefully aid future 
researchers in using these powerful ultrafast spectroscopic techniques to more accurately 
describe underlying photophysics in semiconducting materials.  
This thesis is also one the first comprehensive reports aimed at understanding and 
quantifying carrier lifetimes and recombination in perovskite based oxides and how those 
properties may be tuned.  It is also the intention that it will spur further research in 
perovskite oxides.  
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Chapter 2. Dynamic optoelectronic processes  
2.1. Carrier dynamics  
Within any semiconductor, electrons generally undergo three main dynamic 
processes: carrier generation, carrier cooling, carrier trapping/recombination, as shown 
schematically in Figure 2-1.  
 
Figure 2-1. Dynamic phenomena that occur within a semiconductor plotted on a schematic 
electron band structure with energy on the y-axis and momentum on the x-axis. Excitation 
(red) promotes an electron from the valence band (VB) to the conduction band (CB) if the 
excitation energy is greater than the band gap (Eg). Carrier cooling (blue) is the relaxation 
of these excited carriers down the band minimum, releasing heat. Recombination (green) 
is the annihilation of the mobile electron and hole with one-another, releasing the energy 
as light or heat. 
2.1.1. Generation  
Generation of carriers via photon absorption in direct semiconductors is simple, 
with an electron being in the valence band being excited to the conduction band, leaving a 
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mobile hole in the valence band. The photon being absorbed must have energy greater than 
the band gap. Absorption in indirect semiconductors is similar except that the electron 
needs to interact with phonons, or lattice vibrations, for momentum to be conserved.  
Generation of carriers in this way is known as excitation. Photogeneration of electron-hole 
pairs occurs within a few femtoseconds. 
2.1.2. Carrier cooling 
Because photoexcited carriers are typically excited at energies greater than the band 
gap of the material, they have excess energy relative to the band gap. Carrier cooling is an 
ultrafast relaxation process by which these hot carriers give their energy to the lattice in 
the form of heat through electron-phonon coupling and fall down to the band minima. The 
amount of heat released is equivalent to the energy drop between the initial state and final 
state after cooling. Carrier cooling and subsequent lattice heating typically occurs in less 
than 1 picosecond.38-40  
2.1.3. Carrier recombination 
High injection limit 
In an undoped and unexcited semiconductor, the densities of electrons and holes 
are equal at a given temperature and band gap with an intrinsic carrier concentration ni =
no = po where ni is the intrinsic carrier concentration, nois the intrinsic concentration of 
electrons, and po is the intrinsic concentration of holes. When the semiconductor is excited 
with an ultrafast laser, the excited carrier density is typically much higher than the intrinsic 
carrier density such that ∆n ≫ ni, with this regime being known as the high injection limit. 
Within the high injection limit due to photoexcitation, the carrier densities of holes and 
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electrons are equal and can approximate the total carrier concentration, ∆n ≈ n ≈ p.41. 
Because it is germane to the experiments presented here, the high injection limit is assumed 
in discussion of recombination mechansims given below, with more general equations 
provided in the Nelson,42 and Gray.41 
Recombination 
Recombination is the interband relaxation of excited electrons back to a hole the 
valence band. Following recombination, the electron is no longer mobile and thus cannot 
generate electricity. The recombination rate, 𝑈, is inversely proportional to the carrier 
lifetime, 𝜏, and equations for the recombination rate for various mechanism are presented 
below.  The timescales of recombination vary from a few picoseconds to several 
microseconds and with several types of recombination shown in Figure 2-2.  
 
Figure 2-2. Various types of recombination. (a) radiative recombination occurs when an 
electron and hole recombination across the band gap, releasing a photon; the opposite of 
generation. (b) in trap-assisted recombination, the electron or hole falls into a trap state 
within the band gap, which facilitates recombination. In this case, the excess energy 
typically converted into heat. The trap may be in the bulk of the semiconductor, called 
Shockley-Read-Hall recombination, or at the surface, called surface recombination. (c) In 
Auger recombination, the excess energy given off during the recombination is given to a 
third carrier, which rapidly thermalizes. The schematics display direct recombination 
events, but indirect recombination is also possible and would require conservation of 
momentum typically through electron-phonon interactions.  
14 
 
 
Radiative recombination  
Radiative recombination releases a photon following the fall of a mobile electron 
back from the conduction band to the valence band. In other words, radiative recombination 
is the reverse of carrier generation This type of recombination can lead to photon recycling 
as the photon given off excites another electron.  The rate of carrier recombination in the 
high injection limit is given by 𝑈𝑟𝑎𝑑 = 𝐴𝑟𝑎𝑑𝑛
2 ,41 where 𝑈𝑟𝑎𝑑  is the radiative 
recombination rate, 𝐴𝑟𝑎𝑑 is the radiative recombination rate constant, and n is the electron 
or hole carrier density. The corresponding time constant 𝜏𝑟𝑎𝑑 = (𝐴𝑟𝑎𝑑n)
−1. Hence, the 
radiative recombination lifetime is inversely proportional to the photoexcited carrier 
density.  
Non-radiative recombination 
Several forms of recombination release heat following recombination instead of 
light. Trap-assisted recombination occurs when an energetic state within the band gap is 
the site of recombination, with the excess energy typically transferred to the lattice as 
phonons.  In this case, the electron in the conduction band can relax to the trap site within 
the band gap and when a hole also relaxes to the same trap state, the electron and hole 
recombine. At interfaces where the crystal lattice ends, there are usually many traps that 
appear in the band gap.  Moreover, trap recombination can also occur in bulk trap states 
due to point defects. Shockley-Read-Hall (SRH) and surface recombination are both trap-
assisted recombination in the bulk and surface respectively. 
 In the high injection regime, the rate of trap-assisted recombination in the bulk is 
given as 𝑈𝑡𝑟𝑎𝑝 =
n
𝜏𝑆𝑅𝐻,𝑛+𝜏𝑆𝑅𝐻,𝑝
,41 where  where 𝜏𝑆𝑅𝐻,𝑛  and 𝜏𝑆𝑅𝐻,𝑝  are the characteristic 
lifetime for electron and hole capture by a trap such that  𝑡𝑆𝑅𝐻 = (𝐴𝑆𝑅𝐻𝑛𝑡)
−1where n𝑡is 
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the density of trap sites and 𝐴𝑆𝑅𝐻 is SRH coefficient equal to 𝐴𝑆𝑅𝐻 = 𝜈𝜎 where 𝜈 is the 
mean thermal velocity and 𝜎   is the capture cross section of the trap with potentially 
differing values for both for electrons versus holes.41 Hence the SRH recombination 
lifetimes are independent of carrier density at the high injection limit.  
Auger recombination is when an electron (or hole) recombines and the excess 
energy is transferred to another free carrier which rapidly dissipates this energy as heat or 
phonons. Auger recombination is a material property of the semiconductor, and in the high 
injection limit, its rate is given as  𝑈𝑡𝑟𝑎𝑝 = 𝐴𝐴𝑢𝑔n
3 with a characteristic lifetime of 𝜏𝐴𝑢𝑔 =
(𝐴𝐴𝑢𝑔n
2)
−1
.41 Auger recombination involves three carriers and hence Auger 
recombination lifetime scales as n−2.  
 
Figure 2-3. Schematic of a pump-probe experiment. The pump less than a picosecond and 
tuned to a single wavelength. The probe is delayed relative to the pump and can vary in 
energy but here we use broadband light white which spans the UV/visible/near infrared 
range.  
2.2. Measuring recombination lifetimes 
Quantifying recombination lifetimes identifies intrinsic limitations on diffusion 
length and provides guidance on the design of devices, especially with respect to the 
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optimal absorber thickness in light harvesting devices. The measurement of sub-
picosecond optoelectronic phenomena requires the use of an ultrafast laser in a pump-probe 
setup, shown schematically in Figure 2-3.  
Typically, an ultrafast pump pulse whose duration is less than a picosecond and 
whose photon energy is greater than the band gap of the material excites electrons into the 
conduction band of the semiconductor. Following excitation, an ultrafast probe then 
monitors the relaxation of photoexcited carriers at different delay times relative to the 
pump. The time delay determines the timescales measured and can vary between 
femtoseconds and microseconds to obtain information on time scales relevant for 
recombination. If the probe is broadband, the data will be energetically resolved, with the 
energy range being indicative of the energetic transitions which can be probed. Also, the 
energetic resolution in transient absorption/reflectance spectroscopy allows for the 
monitoring of electrons and holes independently.43 It also allows one to monitor charge 
transfer between materials.44 An optical chopper blocks every other pump pulse, allowing 
excited-state properties to be determined with respect to the ground state. 
2.2.1. Ultrafast transient absorption/reflectance spectroscopy principles 
Ultrafast transient absorption and reflectance spectroscopy measures the change in 
transmitted and reflected light, respectively, as an indirect measure of carrier density.45 In 
the ultrafast spectroscopic techniques presented here, the change is transmission is 
measured as: 
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∆𝑇
𝑇
(𝐸, 𝑡) = ln (
𝐼𝑇,𝑒𝑥(𝐸,𝑡)
𝐼𝑇,0(𝐸)
 ) Equation 2-1 
Where ∆𝑇 is the measured transmission change, 𝑇 is the transmittance (𝑇 =
𝐼0
𝐼𝑇
), 𝐼𝑇,𝑒𝑥 and 
𝐼𝑇,0 are the intensities of transmitted light, with and without prior photoexcitation of the 
material.  It is also common to see transmission data reported as ∆𝐴 = − log (
𝐼𝑇,𝑒𝑥(𝐸,𝑡)
𝐼𝑇,0(𝐸)
 ), in 
which case the conversion from 
∆𝑇
𝑇
  to ∆𝐴 would require a factor of -2.3.   
Likewise, when the intensity of reflected light is measured, the change in 
reflectance is calculated as  
∆𝑅
𝑅
(𝐸, 𝑡) = ln (
𝐼𝑅,𝑒𝑥(𝐸,𝑡)
𝐼𝑅,0(𝐸)
 ) Equation 2-2 
Where ∆𝑅 is the measured transmission change, 𝑅 is the reflectance (𝑅 =
𝐼0
𝐼𝑅
), 𝐼𝑅,𝑒𝑥 and 
𝐼𝑅,0  are the intensities of reflected light, with and without prior photoexcitation of the 
material.  Because some commercial software does not consider whether the measurement 
is performed in a reflection or transmission geometry, care should be taken to ensure the 
data does not need to be multiplied by a factor of -2.3 when taken in reflection mode. 
The real and imaginary parts of the refractive index, 𝑛 and 𝑘, govern the intensity 
of transmitted and reflected light in transient absorption and reflectance spectroscopy. The 
measured 
∆𝑇
𝑇
(𝐸, 𝑡) signal is dependent on the change in reflection and absorption and for a 
thin film with a substrate of similar refractive index, this dependence, as derived in 
Appendix A, is described as:  
∆𝑇
𝑇
= −𝑥∆𝛼 −
𝑛−1
(𝑛)(𝑛+1)
∆𝑛   Equation 2-3 
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where 𝑥 is the thickness of the film, 𝑛 is the real part of the refractive index and 𝛼 is the 
absorption coefficient. The absorption coefficient is calculated as 𝛼 =
4𝜋𝑘
𝜆
, where 𝜆 is the 
incident photon wavelength, and k is the extinction coefficient. For most materials, 
∆𝑇
𝑇
 is 
dominated by the change in absorption, ∆𝛼. Therefore, decreased light transmission is 
indicative of increased light absorption. Analogously in a reflection regime, the reflectance 
at an air-film interface is calculated by:4 
𝑅 =
(𝑛−1)2+𝑘2
(𝑛+1)2+𝑘2
  Equation 2-4 
Using the equation above, ∆𝑅 = 𝑅𝑒𝑥 − 𝑅0  can easily be calculated. The probe 
depth in transient reflectance spectroscopy is estimated as 46 𝑑𝑅 =
𝜆
4𝜋𝑛
.  In cases where 
k<<n, such as near the band gap, the change in the reflectance be approximated as47  
∆𝑅
𝑅
=
4
𝑛2−1
∆𝑛 Equation 2-5 
In short, transient absorption and reflectance spectroscopy are sensitive to changes 
in the absorption coefficient and refractive index, respectively, following photoexcitation. 
By the Kramers Kronig relation, if one know the change in the real part of the refractive 
index, one can calculate the change in the imaginary part.   Transient absorption is more of 
a bulk measurement and requires a transparent sample and substrate; also, the substrate 
must be inert to both the pump and probe pulse. Transient reflectance is more surface 
sensitive because of the relatively shallow detection depth and does require transparent 
materials, but does typically require a specularly reflective surface. Another disadvantage 
of transient reflectance spectroscopy is that it typically has an order of magnitude smaller 
signal than transient absorption measurement because the absorption change is derived 
from the entire film whereas the reflectance change only occurs at the surface, but the 
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relative magnitudes of signals are material dependent. Also, it can be more challenging to 
analyze due to how the refractive index changes due to photoexcited carriers.48 
2.2.2. Carrier-induced changes to the complex refractive index 
 Photoexcited electrons and holes produce characteristic modulations in the 
absorption coefficient and refractive index, so that the transmission change and reflectance 
change following photoexcitation may be due to carriers. Of the carrier-induced effects at 
the band edge, the dominant phenomena is known as bandfilling,48 as shown schematically 
along with several other carrier-induced changes in Figure 2-4. In bandfilling, electronic 
band states fill with carriers after excitation and quickly thermalize to the band minimum. 
Therefore, there are fewer empty conduction band states near the conduction band 
minimum, which creates a decreased absorption coefficient at the band gap transition, 
typically called a photoinduced bleach. The magnitude of this bleach is linearly 
proportional to the density of photoexcited carriers, except at high carrier concentrations,48 
which makes it a convenient probe of photoexcited carrier populations. The photo-bleach 
is monitored with respect to time to measure changes in carrier populations following 
excitation. Correspondingly, the refractive index also decreases in magnitude following 
photoexctation around the band gap transition and can be used to probe photoexcited 
electrons and holes. Bandfilling is most prominent at the band gap transition.48 Another 
carrier-induced change to the refractive index is known as band gap renormalization, but 
this effect is only significant at high concentrations. For more information, see ref. 48  
There are two types of free carrier absorption which can modulate the real and 
imaginary part of the refractive index and hence the intensity of transmitted and reflected 
light, as shown in Figure 2-4. Intraband free carrier absorption is the excitation of a mobile 
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carrier higher in energy within the same band. This type of absorption pathway may have 
a Drude dependence, 1/𝐸2, or may be a different order based on the type of scattering.4 
Intraband free carrier absorption typically manifests as a transition between different bands 
and can be apparent below the band gap of the material.  
 
 
Figure 2-4. Schematic comparing thermal and several electronic contributions to the (a) 
absorption profile and the resulting (b) transient absorption spectra relative to a band gap 
position. Not drawn to scale. Thermal expansion typically leads to a red-shift and 
broadening in the electronic band structure which manifest as decreased light transmission 
close to the band gap. Band-filling with photoexcited carriers has a contrasting effect, 
effectively blue-shifting the band gap and leading to increased light transmission above the 
band gap. Intraband free carrier absorption traditionally follows a drude 1/E2 dependence 
while interband free carrier absorption can typically be observed below the band gap 
through new absorption pathways. The actual spectral positions and shapes are highly 
dependent on the band structure of the semiconductor.    
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2.2.1. Heat-induced changes to the refractive index 
Increasing temperature increases the motion of atoms within the semiconductor, 
expanding the lattice. This dilation shifts the energetic structure of the semiconductor and 
broadens energy levels.4 In many semiconductors above the Debye temperature, the band 
gap of the material red-shifts linearly with temperature.4 This red shift manifests as a 
decreased transmission (increased absorption) near the band edge and opposes the 
bandfilling phenomena. In transient absorption and reflectance spectroscopy, heat released 
during carrier cooling can be significant enough to dominate carrier-induced effects, 
especially when pumping several eV above the band gap.  
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Chapter 3. Experimental Methods 
Experimental techniques which are common to several chapters are presented here 
for the sake of brevity. Specific experimental conditions and sample lists are included in 
the chapter in which they appear.   
3.1. Thin film growth 
The epitaxial thin films studied in this thesis was deposited using molecular beam 
epitaxy (Omicron NanoTechnology LAB-10) with the cations sublimed from pure 
elemental sources using Knudsen effusion cells (MBE Komponenten) while under high 
vacuum.49-50 The elemental flux from the effusion cells is finely controlled with shutters 
and directed towards a heated substrate, nominal temperature of 600 C, at the beam’s focus. 
The cation flux was calibrated using a quartz crystal monitor in conjunction with 
Rutherford backscattering spectroscopy for relative cation concentration and x-ray 
reflectivity for absolute atomic thickness determination. The film was deposited onto 
various substrates including (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) (001) and SrTiO3 (MTI 
Corp.) Prior to deposition, the substrates was heated to 200 °C, cleaned with isopropyl 
alcohol, and measured with ellipsometry to characterize optical properties. The film 
was grown at a chamber pressure of 5 × 10−7 Torr O2 oxidizing gas. 
3.2. Structural and optical characterization 
X-ray diffraction and reflectivity were carried out using a Rigaku SmartLab 
diffractometer. The GenX software package was used to fit the reflectivity and simulate 
the diffraction data.51 Variable angle spectroscopic ellipsometry measurements were 
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performed using J. A. Woolam M-2000U and M-2000FI instruments; the index of 
refraction and the extinction coefficient were extracted using the WVASE32 software.  
Optical absorption was found using the equation α =4πk/λ, where α is the absorption 
coefficient, k is the measured extinction coefficient and λ is the incident photon 
wavelength. 
3.3. Dynamic optical characterization 
Ultrafast Systems (Helios) spectrometer and a regeneratively amplified Ti:sapphire 
laser (Coherent Libra HE). The laser outputs 50-fs pulses centered at 800 nm, with pulse 
energy of 3.5 mJ and a repetition rate of 1 kHz. An optical parametric amplifier (OPA, 
Coherent OPerA Solo) was used to tune the pump energy from 1.55 eV to 4.0 eV. The 
probe pulse was a white light continuum (1.8–3.8 eV) generated by focusing the 800 nm 
pulses onto a CaF2 or sapphire crystal and detected with a Si CCD array. Every other pump 
pulse was blocked with an optical chopper. The time delay between the pump and probe 
was varied from 50 fs to 3 ns, giving information related to optoelectronic changes on 
several time scales.  
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Chapter 4. Energy level alignment and cation charge states at the 
LaFeO3/LaMnO3 (001) heterointerface1 
4.1. Introduction 
Because LaFeO3 is a model system in several chapters in this thesis, it is important 
to quantify its optoelectronic properties thoroughly. Moreover, engineering a type I band 
alignment is important for probing the influence of heating on dynamic optoelectronic 
properties, as discussed in Chapter 5.  
The electronic properties and interfacial charge densities at semiconductor 
interfaces derive in large part from the conduction and valence band offsets at the 
heterojunction. Within the field of complex oxide heterostructures, there has been a 
considerable effort to understand interfacial charge transfer and band offsets in the push to 
develop new electronic and magnetic functionalities at heterointerfaces for applications in 
electronics and spintronics.52-53 For example, band alignments at SrTiO3-based 
semiconductor-semiconductor and Schottky junctions have been reported for a range of 
systems including LaAlO3/SrTiO3,
54-57 BaSnO3/SrTiO3,
58 GdTiO3/SrTiO3,
59 
(La,Sr)(Al,Ta)O3/SrTiO3,
60 SrTiO3/Si,
61-62 SrTiO3/BiFeO3,
63, SrTiO3/LaFeO3,
64 and 
SrTiO3:Nb/La0.7Sr0.3MnO3,
65-66 thereby elucidating the origin of interfacial two-
dimensional electron gases and revealing termination-dependent barrier heights. 
Additionally, the presence of strong charge transfer, occurring over a length scale of 1 - 3 
unit cells, has been established in some 3dk (k ≠ 0) systems resulting in electronic behavior 
                                                 
1 Adapted from  S. Y. Smolin, A. K. Choquette, R. G. Wilks, N. Gauquelin, R. Felix.; D. 
Gerlach, S. Ueda, A. L. Krick, J. Verbeeck, M. Bar, J. B. Baxter, and S. J. May. “Energy 
Level Alignment and Cation Charge States at the LaFeO3/LaMnO3 (001) Heterointerface” 
Advanced Materials Interfaces, 2017, 1700183. 
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distinct from that found in the bulk adjoined materials.26, 67-70 Moreover, interfacial charge 
transfer has strong implications for interfacial magnetism, as the double- and 
superexchange interactions dominant within ABO3 perovskite oxides are directly 
dependent on the nominal B-site valence.71 
Here, we report the band offsets and nominal interfacial valence states at 
LaFeO3/LaMnO3 epitaxial junctions. LaFeO3 and LaMnO3 are the parent compounds of 
well-studied ferrite and manganite perovskites that, when doped, exhibit rich phase 
diagrams including diverse magnetism, orbital ordering, and charge disproportionated 
phases.72-77 While both ABO3 materials can be made metallic through A-site substitution 
with divalent cations, LaFeO3 and LaMnO3 are semiconductors,
22 making them of interest 
for potential applications in electronics, optoelectronics, and solar-based energy 
applications. A detailed understanding of the band positions is central to the design and 
operation of such devices. From a more fundamental perspective, the study of the 
LaFeO3/LaMnO3 system provides important insights into the general nature of charge 
transfer at perovskite oxide interfaces using LaMnO3 as a model system. Previous studies 
have revealed a strong propensity for LaMnO3 to transfer electrons into other perovskite 
systems across heterointerfaces.49 For example, in LaMnO3/LaNiO3 junctions, previous 
work has established the electronic transfer from LaMnO3 into LaNiO3, altering the 
nominal valence states toward Mn4+ (3d3) and Ni2+ (3d8) at the interface.50, 78-81 A reduction 
of electron concentration within LaMnO3 and La1-x(Sr,Ca)xMnO3 has also been observed 
at interfaces with SrTiO3,
82 SrMnO3,
83-84 and YBa2Cu3Oy.
85-86 In contrast to many of these 
materials systems, LaFeO3 would seem to be an unlikely candidate for charge transfer from 
LaMnO3, as the 3d
5 electronic configuration of LaFeO3 is relatively stable and a significant 
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energy gap (~2.4 eV) separates the occupied majority spin eg band from the unoccupied 
minority spin t2g states.
87-88 Thus, the LaFeO3/LaMnO3 interface provides an important case 
for understanding the general trends of electronic behavior across oxide interfaces, 
particularly when charge transfer will occur across heterojunctions. Using a combination 
of scanning transmission electron microscopy-electron energy loss spectroscopy (STEM-
EELS) and hard x-ray photoelectron spectroscopy (HAXPES), we found that 
LaFeO3/LaMnO3 differs from the aforementioned interfaces in that charge transfer is not 
observed, with both Fe and Mn maintaining a nominal 3+ state. Adjoining the materials 
leads to a Type I heterojunction, where the LaFeO3 conduction band minimum (CBM) as 
well as valence band maximum (VBM) are further away from the Fermi level (EF) than 
those of the LaMnO3. In detail, the valence band offset is 1.20 ± 0.07 eV, while the 
conduction band offset is estimated to be 0.5–0.7 ± 0.3 eV.  
Table 4-1. Thickness (t), surface roughness (R) and c-axis lattice parameters (c) for all 
samples deposited on LSAT substrates obtained from x-ray reflectivity and diffraction 
analysis. Samples on SrTiO3:Nb substrates were deposited simultaneously resulting in 
approximately equal layer thicknesses. 
Sample t (LFO) t (LMO) R c (LFO) c (LMO) 
(LFO)41 16.5 nm n/a 8.3 Å 3.98 Å n/a 
(LMO)55 n/a 21.9 nm 7.3 Å n/a 3.97 Å 
(LFO)4/(LMO)44 1.6 nm  17.4 nm  8.2 Å 4.14 Å 3.99 Å 
(LFO)7/(LMO)47 2.8 nm 18.5 nm 8.2 Å 4.02 Å 3.98 Å 
(LFO)15/(LMO)47 6.2 nm 18.8 nm 8.5 Å 4.00 Å 3.99 Å 
(LFO)52/(LMO)51 20.9 nm 20.2 nm 14.4 Å 4.00 Å 3.99 Å 
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4.2. Experimental  
Sample details can be found in supplementary Table 4-1. For STEM 
measurements, a cross-section of the (LFO)52/(LMO)51/LSAT bilayer was prepared using 
an FEI Helios Dual Focused Ion Beam as discussed elsewhere.49, 89-90 This sample, 
prepared along the [100] orientation was measured in a Probe Corrected STEM FEI Titan 
80-300 microscope at the University of Antwerp, Belgium, operated at 300 kV. EELS with 
200 ms dwell time per pixel and 0.25 eV/pixel dispersion for chemical analysis on a Gatan 
GIF Quantum spectrometer. For fine structure analysis, a monochromated beam yielding 
150 meV energy resolution was used with a dispersion of 0.1 eV/pixel and an acquisition 
time of 100 ms/pixels. Background subtracted raw data are presented here.  HAXPES 
measurements of the valence band energy region were performed at the undulator beamline 
BL15XU of SPring-8, Japan.91-92 The excitation photon energy was set to 5953.4 eV 
(referred to simply as “6 keV” below). HAXPES measurements of the Fe 2p and Mn 2p 
core levels were carried out at the High Kinetic Energy Photoelectron Spectrometer 
(HIKE) endstation located at the BESSY II KMC-1 beamline at Helmholtz-Zentrum Berlin 
(HZB). An excitation energy of 2002.5 eV (referred to simply as “2 keV” below) was used 
for these measurements.93-94 Both HAXPES stations shared a similar sample measurement 
geometry, and spectra were recorded at room temperature with VG Scienta R4000 electron 
analyzers. The binding energy was referenced to the EF measured for a clean Au sample. 
The total energy resolution was set to 0.24 eV. Resistivity measurements were performed 
in a Quantum Design Physical Properties Measurement System with external Keithley 
electronics. Silver paint was used to make contacts to the corner of samples for 
measurements in the van der Pauw geometry. 
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Figure 4-1. (a) STEM-HAADF image of the (LFO)52/(LMO)51/LSAT sample. The inset is 
a magnification of the interfacial region. White lines are guides to the eye showing the 
average location of the two interfaces. (b) STEM-EELS color map of the entire bilayer 
with Fe L2,3 as green and Mn L2,3 as red; the white lines highlight the region of interfacial 
roughness. (c) X-ray reflectivity data and model fit for the (LFO)15/(LMO)47/LSAT sample. 
(d) X-ray diffraction data and simulation of the (LFO)15/(LMO)47/LSAT sample.                   
4.3. Crystalline quality and interfacial integrity 
STEM and X-ray scattering were used to verify the crystalline quality and 
interfacial integrity of the bilayers. Figure 4-1(a) shows a STEM High Angle Annular 
Dark Field (HAADF) image of the interface between LFO and LMO for the 
(LFO)52/(LMO)51/LSAT sample, with the corresponding EELS color map showing 
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composition in Figure 4-1(b). It is important to note that Mn and Fe atomic columns 
exhibit a minimal difference in contrast in the HAADF image due to their similarity in 
atomic numbers (Z). The LFO/LMO interface is coherent with no evidence for large 
concentrations of dislocations at the junction. The nominal thickness of each layer was 
determined from x-ray reflectivity. Representative x-ray reflectivity data and the 
accompanying fit are shown in Figure 1(c) for the (LFO)15/(LMO)47/LSAT sample. The 
root-mean-square surface roughness obtained from the fit is 8.5 Å. A similar roughness 
was obtained from the other bilayers and monolithic films, except for the 
(LFO)52/(LMO)51/LSAT sample which has a surface roughness of 14.4 Å. The lattice 
parameters of the LMO and LFO layers were obtained from simulations of specular x-ray 
diffraction data. The agreement between the data and simulation can be seen in Figure 4-
1(d) for the (LFO)15/(LMO)47/LSAT sample, which yielded c-axis parameters of 4.00 Å 
and 3.99 Å for the LFO and LMO, respectively. These values are in good agreement with 
monolithic (LFO)41/LSAT and (LMO)55/LSAT, in which c-axis parameters of 3.98 and 
3.97 Å were obtained, respectively. In simulations of all the bilayers, the LMO c-axis 
parameter was 3.98 – 3.99 Å, while the LFO layer was 4.00 – 4.02 Å. The only sample that 
deviated from this behavior is the (LFO)4/(LMO)44/LSAT sample, where a 4.14 Å c-axis 
parameter was obtained for the LFO layer. We note that local atomic structure near a 
surface can deviate from bulk non-surface structure in perovskite oxides,95-97 The 
simulations indicate that the samples are highly crystalline with a coherence length along 
the growth direction limited by the finite thickness. The uniformity of the lattice parameters 
across samples suggests that all layers are of comparable cation composition and crystalline 
quality and that strain relaxation does not occur in the LFO within the bilayers. A complete 
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summary of the x-ray reflectivity and diffraction simulation results is presented in the 
supplemental information.  
 
Figure 4-2. (a) Averaged EELS line scan across a large region of the 
(LFO)52/(LMO)51/LSAT bilayer showing the compositional roughness of the LFO/LMO 
interface. The lower panel is a blow-up of the interfacial region of the profile. (b) 
Monochromated EELS fine structure analysis of the Mn L3 (left panel) and Fe L3 (right 
panel) edges showing the nominal 3+ character of both Fe and Mn, for the first four layers 
of LFO and LMO from the interface.  
4.4. Interfacial charge states 
Monochromated STEM-EELS was used to provide further information on the 
junction abruptness, as well as to probe the interfacial charge states of the Fe and Mn 
cations. The compositional sharpness of the interface is roughly 2 nm, as shown in Figure 
4-2(a), which presents an averaged line scan through the cross-section of the 
(LFO)52/(LMO)51/LSAT bilayer, tracking the Fe L2,3 and Mn L2,3 edges across the interface. 
The EELS measurements also reveal that LFO/LMO interface is almost purely 
Fe3+/Mn3+, as shown in Figure 4-2(b), indicating a lack of charge transfer at the interface 
(further details can be found in Appendix A, Figure A-1). The four layers of LMO and 
LFO adjacent to the interface, denoted as 1, 2, 3, and 4 with 1 being the one closest to the 
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interface, have almost the same L-edge spectral shapes as the LMO and LFO layers 4 unit 
cells away from the interface. We nonetheless found a slight difference in the first LFO 
layer which presents a reduced pre-peak at 708.5 eV, which may correspond to a distortion 
of the FeO6 octahedron in the first LFO layer linked to a slight increase of the Fe-O bond 
length due to the proximity of the Mn from the first LMO layer.  
 
Figure 4-3.Valence band photoemission spectra measured using 6 keV excitation. (a) The 
spectrum of the entire valence band region, showing contributions from the LFO and LMO 
density of states. (b) A detail plot shows the region of the valence band maxima. Linear 
extrapolation of the valence band leading edge is used to determine the VBM values. The 
VBM value marked with arrow is an assumed value rather than a measured value; see text 
for details. 
4.5. Valence band offsets  
Valence band HAXPES spectra were obtained from a series of bilayer samples in 
which an increasing thickness of LFO is deposited on LMO grown on Nb:STO. Thick 
monolithic LMO and LFO films grown on Nb:STO are also included as references. The 
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inelastic mean free path (IMFP) of photoelectrons at 6 keV kinetic energy is 8.3 nm in LFO 
and 8.6 nm in LMO.98 The thickness of the LFO layers ranges from 1.6 nm (4 u.c.) to 20.9 
nm (52 u.c.), and thus measurements of the bilayers with thinner LFO layers allow 
characteristics of both materials as well as their interface to be observed. As can be seen in 
Figure 4-3, the valence band spectra of the different bilayers can be roughly approximated 
via superposition of the spectra of the LMO and LFO films. A decreased contribution of 
the LMO is seen as the LFO layer thickness increases. Using linear extrapolation of the 
leading edge of the valence band, the VBM for the bare LMO film and of the LMO layers 
underneath the LFO layers is found to remain constant at (-0.30 ± 0.05) eV relative to the 
EF, in agreement with Ref. 99. We note that due to the small LMO signal in the 
(LFO)52/(LMO)51 sample, the VBM for LMO in that sample could only be determined 
with large uncertainty and thus we deliberately refrain from doing so. However, an arrow 
indicates the anticipated LMO VBM value of -0.3 eV and the zoomed-in image shown in 
Figure A-2 clearly shows that this value is plausible. The LFO VBM of the thick 
monolithic LFO film is (-1.5 ± 0.05) eV relative to EF is derived from the thick monolithic 
LFO film. The VBM of the LFO capping layers cannot be unambiguously determined from 
the spectra of the bilayers due to overlap with the LMO valence state. Using the VBM 
values of the buried LMO layers and the monolithic LFO, a valence band offset (VBO) of 
(1.20 ± 0.07) eV is obtained. Without the direct measurement of the LFO VBM in the 
bilayers, some assumptions – detailed below – must be made. 
We assume that no significant band bending occurs due to the formation of the 
LFO/LMO interface. Judging from the position of the LMO VBMs in Figure 4-3 and the 
Fe 2p and Mn 2p core levels in Figures A-3 and A-4, respectively, that do not change upon 
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interface formation or thickness, it seems that this assumption is well justified. Accounting 
for any differences in the background, which can be explained by the different amount of 
inelastically scattered Fe 2p photoelectrons, the spectral shapes of the Fe 2p lines are very 
similar and independent of LFO thickness (Figure A-3). This corroborates the EELS 
measurement which showed no evidence for charge transfer to Fe sites.  
The Mn 2p XPS spectrum, Figure A-4, of the thick monolithic LMO film differs 
from that of the bilayers, indicating that the different chemical environment of Mn differs. 
The Mn 2p spectra for the (LFO)4/(LMO)44 and (LFO)7/(LMO)47 samples have a prominent 
shoulder at the low binding energy side (at ~640 eV) of the main Mn 2p3/2 peak. Note that 
the reported binding energy ranges for Mn0, Mn2+ (MnO), Mn3+ (Mn2O3; i.e., the nominal 
oxidation state of Mn in LMO), and Mn4+ (MnO2) are 638.5 – 641.0 eV, 640.4 – 641.7 eV, 
641.2 – 642.8 eV, and 641.1 – 643.4 eV,100 and previous work has shown Mn 2p3/2 shift to 
higher BE with increasing Mn valence.101-102 Thus, it at first appears that the low binding 
energy shoulder may be ascribed to metallic Mn0 and hence be associated with metallicity 
in Mn3+ compounds.101-106 However, no related spectral intensity at EF is observed in the 
HAXPES valence band spectra in Figure 4-3(b) (which are also shown on a logarithmic 
intensity scale in Figure A-5).  
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Figure 4-4. Resistance as a function of temperature for the LMO film and bilayer samples. 
All bilayers remain insulating, indicating that the presence of the heterojunction does not 
result in a conducting interface. The resistance of the LFO film exceeded the measurement 
capabilities below 185K. 
4.6. Temperature dependent resistivity 
In addition, we have carried out temperature-dependent resistivity measurements 
to probe if mobile carriers are present at the interface. As can be seen in Figure 4-4, the 
LMO film and all bilayers exhibit insulating behavior, which is not consistent with the 
presence of an interfacial two-dimensional electron gas. The measured resistance increases 
exponentially with decreasing temperature, with all samples becoming too insulating at 
temperatures below 185 K to be measured with our equipment. We note that the monolithic 
LFO film could not be measured at room temperature, indicating a resistance of greater 
than 2 × 108 Ω. The insulating nature of the transport behavior is thus consistent with our 
measured VBM spectra, in which we do not observe occupied density of states at EF. Both 
observations contradict the attribution of the prominent low binding energy shoulder of the 
Mn 2p3/2 spectra of the (LFO)4/(LMO)44 and (LFO)7/(LMO)47 samples to metallic Mn0. 
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Hence we ascribe this feature to well-screened bulk Mn3+ states.57, 101-106 Note that this 
shoulder, albeit strongly suppressed, is also visible in the spectrum of the thick monolithic 
LMO film. The suppression of the shoulder intensity in is likely due to surface oxidation 
related to the missing protection of a LFO cap: Experimental and theoretical work has 
shown that LaMnO3 and other manganites prefer to terminate with a MnO2 surface,
107-109 
shifting the Mn valence state to 4+ to maintain charge neutrality. This hypothesis is 
consistent with the redistribution of spectral weight to higher binding energies when 
comparing the Mn 2p spectrum of the uncovered LMO with the Mn 2p data of the 
LFO/LMO samples, which generally is interpreted as indication for the increase in 
oxidation state. Hence, while we ascribe the Mn 2p spectra for the LFO/LMO samples to 
be dominated by (well-screened) Mn3+ states, the different spectrum of the exposed LMO 
sample we explain by additional contribution from (oxidation induced) Mn4+ states. 
However, the change in surface oxidation state does not affect the obtained VBO values, 
because the VBM of the buried LMO layer could be directly obtained from the measured 
spectra in Figure 4-3 – the measurements of the thick monolithic LMO film are not 
necessary for determining the VBO of the bilayers (see Figure 4-3 and related discussion 
in conjunction with Figure A-5).  
36 
 
 
 
Figure 4-5. (a) Optical absorption spectra obtained from monolithic LMO and LFO films 
on LSAT. (b) Tauc fit used to extract a band gap of 2.4 eV from LFO. (c) Linear fit to 
optical absorption yielding a band gap of 0.7 eV for LMO. (d) Schematic of the energy 
levels for the surface of the LFO and LMO samples as well as the LFO/LMO (001) 
interface. The valence band maximum (VBM) positions and the related offset (black lines) 
have been directly measured. The position of the conduction band minima (CBM) and the 
related offset (grey lines) has been estimated by adding the optically derived (bulk) band 
gaps of LFO and LMO to the derived VBM positions. The larger experimental uncertainty 
in deriving the LMO band gap (see article text for more details) and thus in estimating the 
related CBM is represented by the grey hatched area. 
4.7. Band alignments 
To establish the conduction band offsets, determination of the band gaps of LaFeO3 
and LaMnO3 are necessary. Optical absorption spectra, obtained from room temperature 
spectroscopic ellipsometry, were used to extract the band gaps from monolithic LFO and 
LMO films on LSAT. The absorption spectra for LFO and LMO are shown in Figure 4-
5(a). A Tauc model was used to determine the LFO band gap (EG,LFO) of 2.4 eV, Figure 
4-5(b), in good agreement with previous work.22, 64, 88 Unlike LFO, where the validity of 
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the direct forbidden Tauc model has been previously established,88 there is considerable 
uncertainty in how to extract an accurate band gap from the LMO absorption data. For 
example, previous studies have used a linear extrapolation of the absorption edge to obtain 
band gaps ranging from 0.55 – 1.0 eV.22, 110-111 Following this approach, which is not based 
on assumptions related to the presence of a direct or indirect gap, we obtained a band gap 
of LMO (EG,LMO) of 0.7 eV, as shown from the fit in Figure 4-5(c). The conduction band 
offset (CBO) can then be determined from the measured VBO and band gaps, where CBO 
= EG,LFO – EG,LMO – VBO = 0.5 eV. A diagram of the bands from the individual films and 
the band alignment at the interface is shown in Figure 4-5(d). We note that an indirect 
band gap was reported in previous density functional theory modelling of LMO.112 If we 
apply an indirect allowed Tauc model to the LMO absorption data, shown in Figure A-6, 
we obtain EG,LMO = 0.5 eV. With this band gap, the conduction band offset is computed to 
be 0.7 eV; hence we estimate the CBO error to be ~0.3 eV based on the uncertainty 
associated with the absolute energy of the LMO band gap. While the magnitude of the 
conduction band offset clearly depends on how the band gap of LMO is determined, both 
linear exploration and Tauc modeling result in a Type I band alignment; i.e., the LFO 
conduction and valence bands straddle those of the LMO.  
4.8. Summary 
We have shown that the LaFeO3/LaMnO3 (001) interface exhibits valence and 
conduction band offsets of 1.20 ± 0.07 eV and 0.5—0.7 ± 0.3 eV, respectively, and no 
interface induced band bending. Spatially-resolved EELS measurements reveal a lack of 
significant charge transfer at the interface, which also retains the insulating nature of the 
adjoined materials. The retention of the nominal Mn3+ state at the interface differentiates 
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the LFO/LMO system from other LMO-based heterojunctions in which electronic transfer 
out of LMO has been observed. These results provide key insights necessary for the design 
of future devices based on these oxide semiconductors. They also help to elucidate the 
nature of magnetic exchange interactions at ferrite/manganite interfaces,113-114 which are 
dependent on the local B-site charge densities.  
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Chapter 5. Decoupling ultrafast thermal and carrier-induced optoelectronic 
changes using heterostructures  
5.1. Introduction 
Although ultrafast pump-probe spectroscopy offers a promising route to understand 
carrier recombination mechanisms and quantify lifetimes, thermal contributions to the 
spectral and kinetic data can be significant and need to be properly accounted for to isolate 
carrier-induced contributions. A common assumption in pump-probe spectroscopy is that 
carrier-induced phenomena dominate optoelectronic changes following photoexcitation. 
However, heat released as photoexcited carriers thermalize can have a large influence on 
the observed spectra and dynamics, even at very low fluences.40, 115-116 Electron-phonon 
scattering leading to thermalization typically occurs within a picosecond,38-40 transferring 
heat to the lattice almost immediately following excitation.  This heat can expand the 
lattice, redshift the absorption, and broaden electronic bands,4 creating complex optical 
transients.116 These thermally induced optical spectral transients compete with carrier-
induced effects such as band-filling and free carrier absorption.48 Especially when probing 
close to the band gap, thermal expansion and band-filling typically modulate optical 
properties in opposing ways.  Moreover, thermal diffusion of heat in thin films occurs on 
ps-ns timescales which are also often characteristic of carrier recombination, complicating 
temporal separation of these coupled phenomena. In short, considerable care is required to 
accurately decouple thermal and carrier contributions in both the transient spectra and time 
resolved data to accurately understand underlying photo-physics.  
Previous research highlights the inherent difficulty in decoupling thermal and 
electronic phenomena and demonstrates several strategies to address this challenge. In 
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ultrafast transient spectroscopy without a broadband probe, one of the earliest attempts was 
by Sabbah et al, working with native-oxide terminated Si (001) and probing above the 
indirect band gap at 1.55 eV.115 They modeled time-resolved transient reflectance data with 
coupled thermal and carrier diffusion equations, taking advantage of the fact that surface 
recombination was the sole recombination mode on the picosecond timescales they 
measured. They found that even at low fluences, the thermal contribution to the kinetic 
data was very important on timescales greater than a few hundred ps. More recently, in 220 
um films of multiferroic BiFeO3, Sheu et al. injected various amount of heat into films by 
pumping with several photon energies.40 Probing above the 2.7 eV band gap at 3.12-3.23 
eV, they found that within ~1 ps, the temperature rise in the film had a strong influence on 
the transient measured and this influence persisted longer than 1 ns.  
Decoupling thermal and carrier effects is even more challenging in thin films 
because thermal diffusion occurs on the ps-ns timescales which are also characteristic of 
recombination. However, a broadband probe can facilitate decoupling by identifying 
optical changes in energetic regions which arise from mainly from heating or carriers. For 
example, in thin films of hematite Fe2O3, Hayes et al. separated spectral features derived 
from heat and photoexcited carriers with a combination of broadband transient absorption 
and temperature-dependent ellipsometry.116 Quite strikingly, when comparing ex-situ 
thermal difference spectra from ellipsometry to spectra obtained from transient absorption 
spectroscopy, they found that spectral signals beyond the first picosecond in the visible 
range, 1.9-4 eV, were mainly derived from to heating, contradicting several interpretations 
made during the span of two decades. A spectral shoulder below the 2.4 eV band gap at 
1.8 eV was found to have a carrier contribution, which persisted for less than 100 ps. Such 
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work highlights the use of broadband probe and the importance of decoupling thermal and 
electronic contributions to the transient spectra to accurately describe ultrafast processes.   
In this work, in addition to the strategies mentioned above, we demonstrate how 
thermal and carrier effects can be isolated by using semiconductor heterostructures to take 
advantage of band alignments that enable heat flow—but not carrier transport—between 
materials. As shown schematically in Figure 5.1, by exciting the lower band gap material 
in the type I heterostructure, only heat can flow to the higher band gap material, allowing 
the time-resolved diffusion of heat to be monitored in the larger band gap material. Thermal 
effects can be isolated by comparing transient optical spectra and kinetics derived solely 
from heat to one derived from a combination of heat and photoexcited carriers. The 
advantage of using electronically engineered bilayers is that the same experimental 
technique can be used to monitor both the diffusion of heat and recombination of 
photoexcited carriers. Furthermore, because the thermal difference spectra are time 
resolved, thermal conductivities can be quantified with appropriate heat transfer modeling.  
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Figure 5-1. Schematic of a type I heterojunction with heat flow but not carrier transfer to 
the higher band gap material following photoexcitation of the lower band gap material.  By 
pumping the photoexcited material with a higher energy than the band gap, lattice heating 
from carrier thermalization increases the temperature compared to the unexcited material.  
Thus, the time-resolved influence of heat on optical properties in the larger bandgap 
material can be monitored ultrafast spectroscopy.  
We illustrate this approach in bilayer films of LaFeO3 and LaMnO3, two perovskite 
oxide based semiconducting materials which form a type I band alignment which have 
well-studied electronic structure and physical properties. Traditionally, inorganic 
perovskite oxides with the chemical formula ABO3 have been studied for their magnetic 
and electronic properties,29-30, 117  but they are increasingly investigated for their light-
harvesting potential.14-15, 19, 118-120 Indeed, this chemically-flexible class of oxides has 
visible band gaps which are tunable,22-23, 27, 121  and other unique properties such as 
ferroelectricity which make them promising candidates for photovoltaic and photocatalytic 
applications.118, 122 
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LaFeO3 and LaMnO3 are two promising perovskite oxide materials for light 
harvesting applications. These ferrite and manganite perovskites are stable, non-toxic, and 
strong absorbers of light with band gaps of ~2.4 eV,88 and ~0.7 eV.123 Although LaFeO3 
has been utilized for photocatalytic applications,120, 124-126 efficiencies were low due to a 
lack of knowledge of the underlying photophysics which hinder further efficiency 
improvements. Ultrafast spectroscopic methods have been utilized to study LaFeO3 thin 
films previously,127 but thermal effects were not adequately accounted for and this work 
provides a chance to revisit that material. This also work also represents the first study of 
subnanosecond optoelectronic properties in LaMnO3.  
Here we clarify thermal and electronic contributions to spectral transients in 
epitaxial LaFeO3 and LaMnO3 monolithic thin films and heterostructures grown on LSAT. 
Temperature dependent ellipsometry corroborates this data by providing ex-situ thermal 
difference spectra of both LaFeO3 and LaMnO3. When compared to time-resolved transient 
absorption and reflectance spectra, thermal contributions dominate the transient absorption 
and reflectance spectra in the visible light range from 2.2-3.8 eV. Fitting kinetics in this 
region with a thermal diffusion model gives thermal conductivities of 6.4 W/m K for 
LaFeO3 and 2.2 W/m K for LaMnO3. In LaFeO3, a photoinduced absorption below the 
band gap at ~1.9 eV which persists from over 3 ns likely due a combination of photoexcited 
carriers and substrate heating. Furthermore, in LaFeO3 a transient photoinduced absorption 
feature below the band gap at 1.9 eV which was not observed the thermal transient spectra 
has significantly longer decay kinetics from the thermally-induced features. By pumping 
LaFeO3 with differing energies and modulating the heat injected per carrier, we vary the 
relative strength of the thermal and carrier-induced transients. Based on our experiments 
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and modeling, we attribute the long lived photoinduced absorption in LaFeO3 partially to 
photoexcited carriers which persist for longer than 3 nanoseconds. This work provides a 
direct demonstration of how thermal and electronic effects can be separated in transient 
spectroscopies enabling new insights into dynamical optical properties of semiconductors. 
5.2. Experimental  
Epitaxial thin films of LaFeO3, LaMnO3, and (LaFeO3)i/(LaMnO3)j bilayers were 
grown on double-side polished La0.3Sr0.7Al0.65Ta0.35O3 (LSAT) (001) substrates via 
molecular beam epitaxy,123 where the subscripts i and j indicate the number of unit cells of 
each layer.   
Static optoelectronic properties in the visible range, 1.2-5 eV, were measured with 
variable angle spectroscopic ellipsometry performed at several temperatures from room 
temperature to 300°C. The measured Ψ and Δ were fit using WVASE software to extract 
the index of refraction (𝑛), and extinction coefficient (𝑘) of the films. Optical absorption 
was calculated with 𝛼 = 4𝜋𝑘/𝜆, where 𝛼 is the absorption coefficient and 𝜆 is the incident 
photon wavelength.  
5.3. Absorption and band alignments.  
Static optical absorption provides insight into the band structure of the 
semiconductor and guidance on interpretation of ultrafast spectral transients. For LaFeO3, 
and LaMnO3, and a (LaFeO3)52/(LaMnO3)51 bilayer film, the optical absorption measured 
by spectroscopic ellipsometry is shown in Figure 5.2. Consistent with previous work, we 
find a LaFeO3 band gap of ~2.4 eV and a higher energy transition at ~3.5 eV.
88, 123 
Previously fitting the absorption of LaMnO3, a band gap of ~0.6 eV was derived,
123 and a 
higher energy absorption edge is observed at ~3.0 eV. Hard X-ray photoelectron 
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spectroscopy measured the band alignments between LFO and LMO,123 and found a type 
I band alignment with a conduction band offset of 1.2 eV and a valence band offset of 0.6 
eV. The crystal quality and stoichiometry of the films and interfaces were found to be high 
quality and correct, making these heterostructured films ideal for studying intrinsic 
properties with spectroscopic methods.   
 
Figure 5-2. Optical absorption for (LaMnO3)55 (21.9 nm), (LaFeO3)41 (16.5nm), and a 
(LFO)52/(LMO)51 (20.9 nm/20.2 nm) heterostructure all grown on LSAT. Inset shows the 
band alignment as determined previously. 123 
5.4. Probing heating with heterostructures   
Ultrafast transient absorption and reflectance spectroscopy monitors the change in 
transmitted and reflected light in a sample following excitation. Figure 5.3 shows the 
broadband transient absorption and reflectance data on a (LaFeO3)52/(LaMnO3)51 bilayer 
film grown on LSAT and excited at 1.55 eV as both the 2D surface (a,c) and as spectral 
slices (b,d). For the transient reflectance data (c,d), the probe depth in reflection is 
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approximated as 𝑑𝑅 =
𝜆
4𝜋𝑛
, and equates to 8-23 nm for LaFeO3  in a range of 1.8 eV to 3.9 
eV.  
The film excited at 1.55 eV, which is only sufficient to generate carriers in LaMnO3, 
and therefore almost immediately following excitation, the transient absorption and 
reflectance spectra is due to excitation of LaMnO3. Pumping at 1.55 eV and 0.98 uJ/cm
2 is 
enough to increase average temperature of LaMnO3 by 11 K, assuming all the excitation 
energy above the band gap is converted into heat as carriers relax to the band minimum, 
more details of this calculation are in the supporting information section.  Over the next 3 
nanoseconds the heat generated from carrier cooling in LaMnO3 diffuses into LaFeO3, the 
transient thermal-only spectra in LaFeO3 becomes apparent.  
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Figure 5-3. (a,b) transient absorption and (c,d) reflectance data for LFO/LMO/LSAT 
excited at 1.55 eV. (a) and (c) provide the energy and time resolved optical changes, while 
(b) and (d) show spectral slices at several delay times ranging from 2 ps to 1 ns.  
 
Roughly 100 ps after excitation of LaMnO3, sufficient heat has diffused into the 
LaFeO3 to allow the thermally induced transient spectra of LaFeO3 to be observed. In 
figure 5.3(a,c), the thermally derived spectral peaks for LaFeO3 are marked with a dashed 
line at ~2.5 eV and ~3.6 eV and can more easily be seen in the 1 ns spectral slices. The 
sign of these transients at the band gap is also consistent with thermal origin. As expected 
from the relationship between the real and imaginary part of the refractive index, the 
reflection and transmission spectra for LaFeO3 are qualitatively similar and inverted to one 
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another with the transient reflectance spectra having a slight red shift relative to the 
transient absorption spectra.  Monolithic LaMnO3 does not display either of these features 
at ~2.5 or ~3.6 eV and it is interesting to note that the heating-only transient peaks of 
LaFeO3 in the bilayer appear around 100 ps following excitation of LaMnO3. This is a very 
similar time scale which independent modeling of thermal transport, discussed below, 
predicted that the temperature in LaFeO3 reaches a maximum. 
5.5. Thermal difference spectra from ellipsometry 
To further validate that heating of LaFeO3 is the cause of the spectral transient 
features observed at 1 ns in Figure 5.3, the ex-situ thermal difference spectra was measured 
with temperature dependent variable angle ellipsometry. Because ellipsometry measures 𝑛 
and 𝑘,the thermally derived  
∆𝑇
𝑇
 and 
∆𝑅
𝑅
 spectra were calculated directly with Equations 1-6 
and 1-6. The thermal difference  
∆𝑇
𝑇
 and 
∆𝑅
𝑅
 spectra for LaFeO3 for several temperatures up 
to 300 C are shown in Figure 5.4. Because these spectra are derived from heat, it is 
expected that it would look similar to the thermally-induced transient discussed above in 
Figure 5.3. Indeed, both spectra have two areas of decreased light transmission (increased 
light reflection) at ~2.5 eV and ~3.6 eV, with the region below the 2.4 eV band gap having 
very little spectral weight in the transmission data.   
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Figure 5-4. Ex-situ thermal difference spectra for  LaFeO3 measured by spectroscopic 
ellipsometry. The (a) dT/T and  (b) dR/R spectra were calculated relative to room 
temperature with equations 1-5 and 1-6. 
Having used the heterostructures and temperature dependent ellipsometry to 
establish optical changes originating from thermal effects, we revisit the transient response 
of monolithic LaFeO3. The transient absorption and reflectance spectra for a LaFeO3 
monolithic film following excitation at 4 eV are shown in Figure 5.5. This pump energy 
generates carriers which create heat as they cool to the band minimum. Qualitatively, we 
note the sign and similarity of peak positions at ~2.5  and ~3.6 eV when compared to the 
thermally induced spectra, signaling that thermal effects dominate the spectral signature in 
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the visible range beginning at the band gap. Quantitively, the pump energy and fluence 
used in Figure 5.5 is expected to increase the temperature of the film by roughly 60K, 
based on the assumption that all excess energy above the band gap is converted into heat. 
Based on ellipsometry data in Figure 5.4, a 60K temperature rise in LaFeO3 should create 
a 
∆𝑇
𝑇
 (
∆𝑅
𝑅
) signal of about -0.06 (0.025) at ~3.6 eV, which is consistent with the size of the 
transient absorption (reflectance) transient seen 2 ps following excitation. Moreover, the 
ellipsometry data showed a blue shift in spectral peaks with decreasing temperature rise, 
and we observe a similar shift in the transient absorption and reflectance data with 
increasing delay time, corroborating the notion that the in the transient absorption and 
reflectance signal in the visible range above 2.2 eV is dominated by thermal effects.  
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Figure 5-5. Ultrafast broadband transient absorption and reflectance measurements of 
LaFeO3 (16 nm) on LSAT, exciting at 4 eV. In both cases, the spectral peaks arising from 
heating at 2.5 and 3.5 eV dominate the spectral response 2 ps after excitation.  
5.6. Carrier-induced features 
However, when LaFeO3 is excited directly, the transient absorption spectral weight 
below the band gap of 2.4 eV is not well reproduced by the thermal difference 
measurements. To facilitate comparison of all three spectra, Figure 5-6(a) shows the 
normalized transmission spectra together. They were normalized by the peak at spectral 
peak at 3.6 eV because it was clearly defined. The black line represents data from ultrafast 
optical spectroscopy of LaFeO3 measured at 2 ps following excitation. By 2 ps, the carriers 
have thermalized and thus this spectrum has both electronic and thermal contributions. The 
red line represents thermal difference spectrum calculated from ellipsometry data taken at 
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200 C and room temperature. The blue line is obtained from ultrafast optical spectroscopy 
of the heterostructure, exciting the only LMO initially. This spectrum was calculating by 
using the data at 1000 ps following excitation of LMO in the heterostructure and 
subtracting off the LMO background to derive the thermally induced optical changes in 
LaFeO3. Unnormalized data shown in the supporting information section. Based on Figure 
5-6(a), the spectral weight below the 2.4 eV band gap in photoexcited LaFeO3 is not 
reproduced in the two thermal difference spectra.  
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Figure 5-6. (a) normalized transient absorption spectra derived from photoexcited carriers 
and heat for LaFeO3. (b) monitoring the region between 1.5ev and 2.8 eV, LaFeO3 was 
excited with varying energies to modulate the heat-per-carrier following excitation. At 
energies closer to the band gap, the relative spectral weight associated with heating at 2.5 
eV decreases compared to the non-thermal feature at 1.9 eV.   
5.7. Heat-per-carrier modulation  
The sign and location of this transient at 1.8 eV in LaFeO3 is consistent with 
intraband free carrier absorption but to validate this hypothesis, a pump energy study was 
performed. As photo-excited carriers cool to the gap minimum they release heat equivalent 
to the excess excitation energy above the band gap of the semiconductor. Therefore, 
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changing the excitation energy is a controlled way to inject different levels of heat-per-
carrier into the lattice.  
For monolithic LaFeO3 several pump energies varying from 4 eV to 2.7 eV were 
used, changing the heat-per-carrier from 1.6 eV to 0.3 eV, with the resulting normalized 
transient absorption spectra are shown in Figure 5-6(b). These spectra were recorded 2 ps 
after excitation to allow enough time for carriers to cool and heat the lattice. Because we 
anticipate that the below-band-gap transient originates from photoexcited carriers, the 
spectra were normalized to the peak of this region to facilitate comparison on a per-carrier 
basis. As shown in Figure 5-6(b), as less heat is injected into the lattice, less spectral 
weight is dedicated to the ~2.5 eV peak which is derived from heating relative to the 
photoinduced absorption transient at ~2 eV. This spectral weight distribution is consistent 
with the assignment as region below the band gap originating from photoexcited carriers 
and not heat.  
 By subtracting the thermally derived TA spectra for LaFeO3 in the heterostructured 
film from the TA spectra for monolithic LaFeO3 in figure 5-6(a), we can approximate the 
non-thermal TA spectra, green line in Figure 5-6(b) and labeled ∆ (
∆𝑇
𝑇
), which has a 
remarkedly similar spectra shape as when the LaFeO3 is excited close to its band gap at 2.7 
eV. This further corroborates that the photoinduced absorption below the band gap of 
LaFeO3 is due to photoexcited carriers. Probing below the band gap to monitor 
photoexcited carrier is a similar conclusion as was reached by Hayes et al.116 
5.8. Substrate contribution 
 Because of the transmission nature of the measurement, it is important to quantify 
the influence of the LSAT substrate to the observed transient absorption spectra in LaFeO3. 
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Although the band gap of LSAT is reported as 5.8 eV, a lower lying defect structure has 
been reported making it possible that the substrate will absorb light even when excited 
below its band gap.128 We measured the transient absorption signal in LSAT excited at 4 
eV and found decreased light transmission at 2.0 eV following excitation, as shown in the 
supporting information. Given that the pump is most likely exciting a defect electron 
structure, we believe it is due to thermal origin as carriers rapidly thermalize. Based on 
experimental conditions in Figure 5-5, we calculate that roughly 1/3 of the excitation 
fluence at 4 eV is transmitted to the substrate, and we estimate that the LSAT substrate can 
contribute roughly a fourth of ∆T/T signal at 2 eV to the LaFeO3 data shown in Figure 5-
5(a), a more detailed description is provided in the supporting information section. We note 
that a LSAT substrate with more defects could potentially have a larger contribution. 
Although this is a surprising result because LSAT has a much larger bandgap than the 
excitation energy, it shows how sensitive transient absorption spectroscopy is even to spare 
electronic structure. Transient reflectance measurements on LSAT excited below its 
bandgap showed no signal, which is expected because of the shallow probe depth and 
limited light absorption in that probe depth. 
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Figure 5-7. Normalized kinetics probed in LaFeO3 at the three spectral features 
corresponding to heating and a photoinduced absorption below the band gap partially due 
to photoexcited electrons and holes. The thermal regions have nearly identical kinetics, 
whereas decay kinetics of the photoinduced absorption below the band gap is considerably 
slower. Kinetics were normalized to the signal at 2 ps following excitation.  
5.9. Kinetics: heating and electrons  
Following a thorough analysis of the origin of the spectral features in LaFeO3, 
monitoring the decay of those spectral features will provide an avenue to fit both thermal 
conductivity and recombination lifetimes in the data. For LaFeO3, kinetics probed at 
regions at thermally induced regions and the photoinduced absorption are shown Figure 
5-7. The decay of the thermally derived features at ~2.5 eV and ~3.6 eV are nearly 
identical, as expected because both features originate from heating. This similarity in decay 
kinetics across these probe energies is also consistent with previous work.127   
Monitoring the decay of the photoinduced absorption below the band gap at 1.9 eV 
reveals very different kinetics, again highlighting that this feature does not originate from 
heating in LaFeO3. This region was best fit with a 1 exponential decay model with a 
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constant offset, 𝑦 = 𝐴1 exp (−
𝑡
𝜏1
) + 𝑦0 and shows that photoexcited carriers and substrate 
heating have a decay lifetime which extends beyond 3 ns, the length of our delay line.   
Based on a similar analysis for LaMnO3, we find that the transient absorption and 
reflectance spectra across the visible range are derived from heating. Figure 5.8 shows the 
thermal difference spectra derived from ellipsometry for LaMnO3 compared to the transient 
absorption spectra. The LaMnO3 thermal difference spectra has a region of increased light 
transmission from 1 eV to 2.75 eV whose sign and shape is consistent with the ultrafast 
data. we refrain from assigning thermal-induced spectra past 2.75 eV because of the small 
signal-to-noise . We note that the optical properties of LaFeO3 have an order of magnitude 
greater dependence on temperature than do those of LaMnO3.   
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Figure 5-8. Ultrafast transient absorption spectra and kinetics for LaMnO3.  (a) comparison 
of ex-situ thermal difference spectra taken with ellipsometry (red line) with the transient 
absorption spectra 2 ps following excitation. (b) decay kinetics from probing the time 
resolved transient absorption data at 1.95 eV and 3.1 eV are nearly identical.  
In LaMnO3, the region at 2 eV was found to be derived from heating. Decay kinetics 
in this region and at 3.1 eV are given in Figure 5-8(b). Although the sign of these spectral 
transients differ, the kinetics are nearly identical providing evidence that the increased light 
absorption at 3.1 following excitation is also due to heating. In LaMnO3, we did not see 
any clear spectral signature in the visible range which we can assign to photoexcited 
carriers.  
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To attempt to probe carriers in LaMnO3, we performed broadband transient 
absorption spectroscopy with a near infrared probe, allowing us to probe closer to the band 
gap. Although we did not have temperature dependent ellipsometric data in this range, the 
use of heterostructures is still useful to deduce whether the decay kinetics arise from 
heating. As shown in Figure 5-9, for monolithic LaMnO3 and a bilayer of LaFeO3/LaMnO3 
was excited at the same pump energy and fluence. Following this excitation, the spectral 
transient at 1 eV decayed at the same rate in both materials until about 20 ps, at which point 
they diverge. The maximum divergence is reached by 100 ps and persists for the remainder 
of the delay line. Because the type I heteojunction prevents carrier excited in LaMnO3 from 
moving into LaFeO3, if the signal probed at 1 eV were due to photoexcited carriers in 
LaMnO3, the influence of a LaFeO3 cap would ostensibly be negligible on recombination, 
perhaps only passivating the surface and prolonging carrier lifetimes. However, because 
this hypothesis does not match experiment evidence which shows LaMnO3 capped by 
LaFeO3 having a faster decay starting at 20 ps. The addition of a LaFeO3 cap would, 
facilitate heat transfer out of LaMnO3 via increased conduction. Modeling of thermal 
transport, discussed below, also confirms that maximum temperature difference between 
monolithic LaMnO3  and LaMnO3 capped with LaFeO3 is reached , with a maximum 
temperature difference being reached by 100 ps.   
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Figure 5-9. Decay kinetics for monolithic LaMnO3 and a LaFeO3/LaMnO3 bilayer both 
excited at 1.55 eV and probed slightly above the bandgap at 1.0 eV. Temperature rise is 
LaMnO3 is calculated as 39.5K.  
5.10. Thermal transport modeling 
 After identifying spectral signatures of heat in LFO and LMO, modeling the time 
resolved decay of these features provides route to quantify thermal conductivity. By fitting 
the thermal conductivities in monolithic LaFeO3 and LaMnO3, we can then predict the 
timescales of heat transfer in the heterostructured films as an independent validation of 
consistency.   
Because the thin films are orders of magnitude smaller in thickness than the spot 
size of the pump pulse, the transport of heat was modeled with Fick’s second law in 1-
dimension 𝜌?̂?𝑝
𝜕𝒯
𝜕𝑡
= 𝑘
𝜕𝟐𝒯
𝜕𝑥2
 where x is out-of-plane direction,  𝒯 is temperature, 𝑡 is time,  
𝑘 is the thermal conductivity, 𝜌 is the density, and ?̂?𝑝 is the specific heat capacity. At the 
film-substrate interface, heat flux and temperature were equal. At the front surface, the flux 
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was set to zero because calculations revealed that heat loss via conduction into the film was 
at least four order of magnitude larger than either radiation or conduction into air at the 
surface. The initial carrier distribution was modeled after Beer’s law absorption profile 
with the initial temperature calculated from experimental conditions, explained in the 
supporting information section, and the initial temperature in the substrate was set to 293 
K. When modeling transient absorption (reflectance) data, temperature averaged within the  
film (probe depth). Implicit Euler method was used to ensure stability. 
Heat transfer in LaFeO3 thin films of four different thicknesses were modeled with 
a shared thermal conductivity value. Based on this data, the best fit value for thermal 
conductivity was 6.4 W/m K, which is very reasonable. The normalized transient 
reflectance kinetics and resulting normalized temperature rise are shown in Figure 5-10(a). 
We note that in thin films the thickness has a large influence on the diffusion of heat, with 
the 3 nm film losing 80% of its initial temperature rise within 100 ps, while the 40 nm film 
takes roughly 3000 ps. This picosecond-to-nanosecond timescale is also common for 
recombination in thin films. The fact that four data sets of data are fit so well with a simple 
model corroborates that the transient reflectance feature at ~3.5 eV is dominated by thermal 
effects.  The transient absorption kinetics of LaMnO3 in Figure 9(b) were also fit best with 
a thermal conductivity of  2.2 W/m K, with the corresponding fit shown in Figure 11(b) .  
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Figure 5-10. (a) normalized dR/R signal for several different thickness of  LaFeO3 grown 
on LSAT (symbols) and modeled normalized temperature rise within the probe depth with 
a shared thermal conductivity  of 6.4 W/m K (lines). (b) normalized dT/T signal for 
LaMnO3 data (symbols) with a modeled normalized temperature rise (line). Best fit gave a 
thermal conductivity of 2.4 W/m K 
5.11. Heat transfer in LFO/LMO heterostructure.  
To verify the timescales of heat transfer in the heterostructured film are appropriate, 
initial heating of LaMnO3 and subsequent diffusion into LaFeO3 was modeled. Figure 5-
11(a) shows the temperature change in LaFeO3 following initial heating in LaMnO3, using 
the same experimental conditions as in Figure 5-3(a).  Roughly 70 ps following heating of 
LaMnO3 in the heterostructure, LaFeO3 is at a maximum temperature. The LFO transient 
absorption signal from thermal origin in Figure 4(a) appears roughly 100 ps after 
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excitation, and reaches a maximum by 300ps, so the timescales of heat transfer similar 
between experiment and modeling results.  
 Decay kinetics for monolithic LMO and LMO in the heterostructure, as shown in 
Figure 5-9, differed starting at 20ps and reached a maximum offset by 100 ps. Thermal 
transport modeling of this situation is shown in Figure 12(b), and corroborates that by 100 
ps, the maximum temperature difference is reached within LMO. The thermal modeling 
however, does not explain the quick decay observed within the first 5 ps in the experimental 
data, it may be due to a coherent artifact of the measurement.  
 In short, numerical modeling of thermal transport offers a way to quantify thermal 
conductvities in ultrafast spectroscopic data and supports the timescales of heat transfer 
observed in the experimental results.  
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Figure 5-11. (a) monitoring the temperature rise in LaFeO3 in a LFO/LMO/LSAT 
heterostructured film following excitation heating of LaMnO3. (b) comparison of cooling 
kinetics in LMO with and without a LFO cover, the maximum difference is reached around 
100 ps.  
5.12. Summary 
Although ultrafast optical spectroscopy can be a powerful technique to understand 
photoexcited carriers in semiconductors, data analysis requires considerable care to ensure 
that thermal influences from carrier cooling are adequately accounted for. We have 
demonstrated the use of heterostructured thin films with a type I band alignment to isolate 
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thermal effects. In conjunction with ex-situ thermal difference spectra, the spectra signature 
of heat in LaFeO3 and LaMnO3  were found to dominate above the band gap. Below the 
band gap of LaFeO3, experiments show evidence for photoexcited carriers which possibly 
persist for longer than 3 ns. Following identification of spectra signatures of heat, 
numerical modeling of thermal transport in LaFeO3, and LaMnO3 yielded thermal 
conductivities of 6.4 and 2.2 W/m K, respectively. The timescales of heat transfer between 
experimental and numerical modeling were also found to be consistent. This work provides 
a thorough demonstration of separating thermal effects in ultrafast spectroscopies and 
should enable more accurate insights to be drawn for other semiconductors.  
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Chapter 6. Influence of  heterovalent A-site substitution and oxygen 
vacancies2  
6.1. Introduction   
Perovskite oxides are a promising material class for photovoltaic and photocatalytic 
applications due to their visible band gaps, nanosecond recombination lifetimes, and great 
chemical diversity. However, there is limited understanding of the link between 
composition and static and dynamic optical properties despite the critical role these 
properties play in the design of light-harvesting devices. To clarify these relationships, we 
systemically studied the optoelectronic properties in La1-xSrxFeO3-δ epitaxial films, 
uncovering the effects of A-site cation substitution and oxygen stoichiometry.   
The valence and conduction bands of non-d0 perovskite oxides are mainly derived 
from the corner-connected BO6 octahedra, with the nominal B-site valence playing a 
critical role in physical properties that depend on electronic structure. As most A-site 
cations are stable in only a single oxidation state, the B-site valence can be tuned through 
either heterovalent A-site substitution, for example Sr2+ for La3+, or by introducing oxygen 
vacancies. Therefore, both A-site substitution and oxygen stoichiometry provide means to 
tune optoelectronic properties, including absorption coefficients and recombination 
lifetimes, which are essential in the design of photovoltaic and photocatalytic devices.45 
While recent studies have reported ultrafast optical spectroscopy in select perovskite 
                                                 
2Adapted from S. Y. Smolin, M. D. Scafetta, A. Choquette, M. Y. Sfeir, J. B.  Baxter, and  
S. J. May. “Static and Dynamic Optoelectronic Properties of La1-xSrxFeO3-δ: The Effects 
of A-Site and Oxygen Stoichiometry” Chemistry of Materials, 2016 28, 97 
. 
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oxides,24-25, 129-130 systemic investigations of how recombination lifetimes change with 
composition, structure, or B-site valence are lacking. 
In this work, we investigate the effects of A-site substitution and oxygen content on 
the static and dynamic optical properties of epitaxial La1-xSrxFeO3-δ thin films. The LaFeO3 
end member is a semiconductor with a band gap of ~2.4 eV, a recombination lifetime of 2 
ns, and a d5 Fe electronic configuration.22, 88 Structurally, LaFeO3 is orthorhombic with an 
a-a-c+ pattern of FeO6 rotations at room temperature. Increased Sr alloying alters the crystal 
structure to rhombohedral (a-a-a-) near x = 0.3 and finally cubic (a0a0a0) near x = 0.8.131-132 
Additionally the substitution of Sr for La adds holes to the hybridized Fe-O bands,133-134 
which can be simplistically described as an increase of the nominal Fe valence from 3+ to 
4+. In oxygen stoichiometric materials (δ = 0), the resistivity decreases exponentially with 
increasing x from x = 0 to 0.5.135-136 Between x = 0.5 and 0.9, the system undergoes a 
nominal charge ordering transition near 200 K.137-140 Eventually, at higher Sr fraction (x > 
0.9), the material exhibits metallic conduction at all temperatures without transitioning into 
an insulating charge ordered phase.141 The addition of Sr has also been shown to induce 
new states within the gap of LaFeO3,
142 leading to increased optical absorption between 1 
- 2 eV with increased Sr fraction as previously observed for compounds with x ≤ 0.4.143 
However, the formation energy of oxygen vacancies in LaFeO3 decreases significantly 
upon alloying with Sr,144 creating a strong propensity for the LSFO system to be oxygen 
deficient,145-147 thereby driving Fe into the energetically favorable 3+ state over the nominal 
4+ state. Electronically, the consequence of increasing δ in SrFeO3-δ and LSFO is 
increasingly insulating behavior,148-149 consistent with a reduction of the nominal Fe 
68 
 
 
valence toward 3+. However, oxygen vacancy induced changes to the optical properties of 
LSFO have yet to be reported in detail. 
Here, we provide a systematic comparison of how the optical absorption and 
transient reflectivity spectra evolve with changes in nominal Fe oxidation state through two 
different mechanisms, the substitution of Sr2+ for La3+ and through the controlled 
introduction of oxygen vacancies. We find the spectral evolution with changing δ closely 
matches that obtained from films with varying Sr concentration. By comparing the static 
optical absorption spectra obtained from oxygen stoichiometric films, the relative oxygen 
content in oxygen deficient films is estimated. The effect of heterovalent A-site substitution 
and oxygen vacancies on carrier lifetimes is then studied by comparing the recombination 
dynamics from films with the same nominal Fe valence but with differing x and δ. We find 
similar kinetic behavior for a given Fe valence, obtained through either A-site substitution 
or the formation of oxygen vacancies, suggesting that recombination lifetimes are 
relatively robust against oxygen vacancies in ferrite perovskites. 
 
6.2. Experimental methods 
Epitaxial films were deposited simultaneously onto single side polished single 
crystal SrTiO3 (STO) and (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates. The specific 
LSFO films containing x=0.17 and x=0.36 are the same films discussed in a previous 
publication which reports further details of the over-all deposition process.37 The earlier 
paper37 reports slightly different compositions of x=0.15 and x=0.40, initially estimated 
(within experimental error) based on X-ray diffraction (XRD) and calibration depositions. 
The compositions of these films have since been measured by Rutherford backscattering 
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spectrometry (RBS) and the updated compositions are reported here. The LFO used in this 
study is the same from a more recent publication and the deposition details for that sample 
can be found in Ref. 88.  
For all other films shown here, a deposition pressure of ~1 x 10-6 Torr in O2 was 
used. The growth temperature, between 550°C and 750°C, was monitored optically in real 
time by a LumaSense Technologies IGA 50-LO plus pyrometer at the STO surface center. 
The co-deposition times ranged from 20-45 seconds per unit cell including 5 second 
intervals with all shutters closed between layers. The thickness of the films is 
approximately 40 nm. Ex-situ post-growth anneals were carried out in a horizontal tube 
furnace using a two-step process: 4 hours at 650°C under flowing O2 followed by cooling 
to 200°C and introducing ozone at 5% concentration for 1 hour then cooling to room temp 
under the flowing oxygen/ozone mixture.150 This post-growth anneal is necessary to fully 
oxidize the Sr-containing films. 
Oxygen loss was carried out by heating the oxygen stoichiometric film on a hotplate 
in air at 300°C. A standard 4.5” conflat copper gasket was placed between the hotplate 
surface and the bottom, unpolished side of the sample, to aid in heat transfer. By placing 
the sample onto the heated copper ring on the hotplate surface for various lengths of time 
the oxygen content was modulated in steps with longer exposure time leading to more 
oxygen loss.149 Ellipsometry and visible transient reflectance spectroscopy were performed 
at each interval to characterize the static and dynamic optical properties as a function of 
oxygen content and Fe valence. For transient reflectance measurements with a near- 
infrared probe, the same heating experiment was performed but corresponding 
ellipsometry data was not taken between each heating interval. 
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Cation composition was measured using RBS at Rutgers University for films 
deposited on STO. Based on the c-axis, electrical measurements, and the optical 
characterization, the composition of films on LSAT and STO grown in the same run is 
expected to be within the experimental error for RBS. Additionally, the A:B cation ratios 
are 1:1 within the error of the RBS measurement. We note that typical errors for the RBS 
determination of the Sr and Fe compositions are 4 and 3%, respectively, in the films. In 
calculation of nominal Fe valence, we use the Sr fraction, assume δ≈0 in the oxygen 
stoichiometric films and that any cation-site deficiency (deviation from A:B=1) is charge 
balanced by oxygen vacancies.  Previously, reciprocal space maps were used to confirm 
that LFO, of similar thickness to the films in this study, grown on STO is coherently 
strained.143 The linear c-axis versus cation composition and equivalent measured coherence 
lengths and film thickness suggest the films in this study are coherently strained.   
Care was taken to measure recombination dynamics independently of optical 
absorption by exciting in a region where the absorption does not change dramatically with 
either x or δ (4.0 eV) because this would maintain similar densities of photoexcited carriers 
between samples. Temporal resolution was 50 fs and delay time was controlled by an 
optical delay line.  Spectral response was monitored from 0.9 – 3.8 eV using a white light 
continuum probe.   
For the near-infrared spectrometer, the optical parametric amplifier (Light 
Conversion TOPAS-C) was pumped with a Spectra-Physics Spitfire Ti:Sapphire laser 
which outputs 110 fs pulses centered at 800 nm with a 1 kHz repetition rate.  The near-
infrared probe (0.9-1.5 eV) was generated by focusing the 800 nm seed pulse into a 
sapphire crystal. Detection was performed by InGaAs multichannel detector. 
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Figure 6-1. X-ray diffraction of La1-xSrxFeO3-δ films (δ≈0) on LSAT and corresponding c-
axis crystal parameter versus Sr fraction (inset). (b) Rutherford backscattering 
spectrometry data and fits for three representative films; the data is offset for clarity. Red 
shading is an approximate representation of the region used for estimating cation 
composition within the films. 
6.3. Characterization 
The film quality and cation stoichiometry were investigated using XRD and RBS. 
XRD and RBS data is presented in Figure 6-1(a) and (b), respectively, for a series of 
compositionally varied samples. RBS data and fits for the x = 0.25 and 0.82 films can be 
found in Ref. 136. The XRD data is from samples on LSAT measured after the post-growth 
annealing process. The measured pseudocubic c-axis parameters are shown inset of Figure 
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6-1(a); the in-plane lattice parameters are assumed to be equal to that of the LSAT substrate 
(a = 3.87 Å). The error in the c-axis parameter is estimated to be no more than ±0.005 Å. 
The origin of the slight lattice expansion in x = 0.05 compared to x = 0 is unknown. The 
broader and smaller intensity for the x=0.76 film peak is a result of the oxygen deficient 
film thickness (=35 nm) for that particular sample. This same film was used in subsequent 
oxygen loss experiments for its relative ease of oxidation/reduction and relatively high Sr 
concentration.  
RBS data was taken from as-grown samples on STO. These samples were deposited 
in the same run as the corresponding films on LSAT. The composition for films grown in 
the same run is consistent within the experimental error of RBS, based on additional XRD, 
X-ray photoelectron spectroscopy (XPS), optical, and electrical measurements.  
 
Figure 6-2. Optical absorption changes in LSFO with changing (a) Sr fraction (δ≈0) and 
(b) oxygen content. (c) Schematic density of states diagrams for LFO and LSFO, showing 
effect of Sr substitution. We hypothesize that similar changes are brought about through 
oxygen vacancies. The schematic in (c) is based on Refs. 24 and 36 with majority spin 
states outlined in black and minority spin states outlined in red and blue. The presence or 
absence of the band gap in (c) for LSFO is dependent on the Sr fraction. 
6.4.  Composition-dependent absorption 
Effect of A-site composition  
The optical absorption spectra measured from the oxygen stoichiometric LSFO 
films with varying Sr fraction on LSAT are shown in Figure 6-2(a). Numerous systematic 
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trends brought on by Sr substitution are observed in the spectra. Sr substitution induces a 
low energy (< 1.5 eV) absorption feature due to the formation of a new state below the 
bottom of the conduction band in the LFO parent material, consisting of O 2p and majority 
spin Fe eg orbitals.
142 This new band associated with Sr substitution is created at the expense 
of valence band O 2p and majority spin Fe eg orbitals.
142 
There is an apparent redshift of the optical transition associated with the LFO band 
gap with increasing Sr substitution; in LFO this absorption edge is due to the excitation of 
electrons from near the valence band maximum into the conduction band, comprised 
mostly of unoccupied minority spin Fe t2g states.
142 This implies that the separation of the 
valence band and the band derived from minority spin t2g states is decreasing with 
increasing Sr substitution, in agreement with valence band positions measured by Wadati 
et al.142 A previous study of LFO found that the band gap energy was most accurately 
determined by treating the transition using a direct forbidden Tauc model.88 The addition 
of Sr alters the absorption spectrum by enabling transitions into empty majority spin Fe eg 
states. The most appropriate Tauc model within which to analyze the absorption arising 
from these transitions is unknown. We note though that the significant increase in 
absorption coefficient below 3 eV indicates that the transition becomes less “forbidden” 
with increasing Sr doping. However, for the sake of comparison to LFO the transition 
energy was determined from a direct forbidden Tauc model for the films and found to 
decrease linearly from x=0 to x~0.5, as shown in the supporting information, Figure C-1. 
Increased Sr substitution beyond x=0.5 results in an increasing slope of this absorption 
edge as seen in Figure 6-2(a), and the resulting transition energy (approximately 1.2 eV) 
is nearly independent of x for x > 0.5. Finally, the absorption associated with transitions 
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between the valence band and unoccupied minority spin eg Fe states, above ~3.5 eV, 
decreases with increasing Sr fraction. We speculate that this is due to the decreasing DOS 
at the valence band maximum with increasing Sr concentration. 
Effect of oxygen vacancies  
Given that nominal B-site valence is critically important to optical properties that 
depend on electronic structure, introducing oxygen deficiency into LSFO may have similar 
optoelectronic effects to heterovalent A-site substitution as both can alter the nominal Fe 
valence. Experimentally, changing the oxygen content is advantageous because oxygen 
fraction can be reversibly tuned within a single film without otherwise significantly altering 
crystal quality, cation stoichiometry, or thicknesses. Oxygen vacancies are easily induced 
in LSFO by exposure to elevated temperatures because it is energetically favorable for Fe 
to adopt the 3+ valence state over the nominal 4+ valence state.51, 144, 149, 151  
We demonstrate the effect of oxygen vacancies on optical properties by measuring 
absorption of the same film after heating in air at 300°C for different times.  Figure 6-2(b) 
shows the changes in optical absorption in the x=0.76 film with increasing cumulative 
heating time (oxygen loss). The changes in absorption spectra achieved by increasing 
heating time are very similar to those achieved by A-site substitution of La for Sr. Both 
substitution of La for Sr and formation of oxygen vacancies reduce the nominal Fe valence 
in LSFO, decreasing the number of unoccupied states above the Fermi level associated 
with the majority spin Fe eg / O 2p orbitals.  
Changes in the optical absorption spectra upon changing nominal Fe valence can 
be understood through the schematic of the density of states shown in Figure 6-2(c).  This 
schematic is based on photoemission and x-ray absorption spectroscopy of LSFO reported 
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in Ref.142 and density functional theory calculations of LFO in Ref.88  Substitution of Sr 
for La results in the redistribution of hybridized O 2p/Fe eg states from the valence band to 
above the Fermi level.142 With sufficiently high Sr fraction, the room temperature band gap 
between the valence band and the new Fe4+-induced states closes;152 however, electronic 
transport remains semiconductor-like due to polaronic effects.138 The exact Sr fraction to 
which a band gap persists is unknown, although it is reasonable to speculate that x=0.5 
marks the critical composition given the changes in electronic behavior observed near half-
doping.136 We believe that similar changes to the density of states arise when nominal Fe 
valence is manipulated by introducing oxygen vacancies.  
6.5. Quantitative correlation between absorption and composition.  
The magnitude of the absorption coefficient at 1.25 eV scales linearly with 
increasing Sr fraction for oxidizing films, as shown in Figure 6-3(a). This linear 
relationship serves as a convenient estimator of the Fe oxidation state in LSFO, as the 
nominal Fe valence scales linearly with x, assuming δ ≈0 in the oxygen stoichiometric films 
and that any cation-site deficiency is charge balanced by oxygen vacancies. The effective 
oxygen content in the oxygen deficient  LSFO sample was estimated using this relationship 
between nominal Fe valence and absorption coefficient at 1.25 eV. Figure 6-3(b) shows 
the nominal Fe valence and oxygen deficiency as a function of heating time. Nominal Fe 
valence is estimated from the absorption coefficient in Figure 6-3(a), and δ is calculated 
using cation stoichiometry measured by RBS and the requirement for charge neutrality in 
the material. Based on this method, the most dramatic changes in oxygen content occur 
within the first 10 min of heating, when the nominal Fe valence shifts from 3.76+ to 3.21+, 
corresponding to δ=0 to δ=0.28, respectively. We caution that this process of nominal Fe 
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valence estimation contains inherent sources of uncertainty, both in the assumption of the 
linear relationship between absorption and nominal Fe valence and in error associated with 
the fit in Figure 6-3(a). 
 
 
 
Figure 6-3. (a) Absorption coefficient versus Sr fraction in the oxygen stoichiometric(δ 
≈0) films. (b) Nominal Fe valence (left axis) and oxygen deficiency, δ (right axis) in the 
x=0.76 film as a function of heating time at 300°C. In (a), nominal Fe valence is estimated 
as 3 plus the Sr fraction. 
The statistical error, as determined from the fit in Figure 6-3(a), is ~5.2%; 
consequently, the value of δ carries an error of approximately ±0.08. This error would 
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uniformly shift the δ data in Figure 6-3(b) to higher or lower δ values but the underlying 
trend of increasing δ with heating time would remain.  
While the general trends in the absorption spectra shown in Figures 6-2(a) and 2(b) 
are similar, there are some differences in spectral features, particularly above 2.5 eV. These 
differences may arise from changes in Fe coordination number, which is reduced from 6 
for δ=0 to 4 or 5 for some Fe cations when δ ≠0. Additionally, even after two hours of 
heating, the nominal Fe valence in the x=0.76 film did not appear to reach a nominal Fe 
valence of 3+ but instead was closer to a nominal value of 3.1+, based on the absorption 
coefficient at 1.25 eV. This is a likely explanation for why, in x=0.76, it was not possible 
to recover the two absorption features between 2.5 and 3.0 eV found in pure LFO and why 
a low-energy absorption tail remains that is not present in pure LFO. We anticipate that 
films under a different strain state would exhibit different oxygen loss kinetics, as studies 
have shown a clear dependence between epitaxial strain and the formation of oxygen 
vacancies.153-156 However, besides these differences, the absorption spectra achieved with 
either A-site substitution or oxygen vacancies are quite similar, despite differences in Fe 
coordination. 
6.6. Dynamic optoelectronic properties 
Changes with nominal Fe valence in UV-visible spectrum. Photoexcited electrons 
and holes produce characteristic modulations in the refractive index due to carrier 
bandfilling,48 and through thermal expansion of the lattice following carrier cooling. These 
changes are sensitive to electronic band structure and the energetic location of the carriers 
in the semiconductor. In ultrafast transient reflectance spectroscopy, such modulations 
78 
 
 
manifest as reflectance changes which can be monitored with respect to both energy and 
pump-probe delay time to quantify the relaxation of photoexcited carriers.  
UV-vis transient reflectance spectra are shown in Figure 6-4(a) for the oxygen 
stoichiometric  LSFO films with different Sr fraction on LSAT. All the samples were 
pumped with an ultrafast, 4 eV pulse and probed 5 ps after photoexcitation. Several 
systematic trends in the transient reflectance spectra generally match observations from the 
VASE measurements. In undoped LFO, there are two positive reflectance transients at ~2.4 
and ~3.5 eV that correspond to the onset of optical absorption.127 These positive differential 
reflectance features arise from transitions from the valence band to conduction band states 
dominated by the minority spin Fe t2g and eg orbitals. As the Sr fraction in LSFO increases, 
these positive reflectance transients in the UV-vis range decrease in magnitude and 
broaden. This is consistent with the decrease of valence band majority spin O 2p/Fe eg 
hybridized states as Sr fraction increases. In films with x>0.5, the positive reflectance 
transient disappears and becomes negative. Positive reflectance transients can arise from 
heating in semiconductors,157 perovskites,23 and metals,158 and negative transients may 
arise from band-filling by carriers.  Also, new absorption pathways within the conduction 
band can also give rise to increased differential reflectance.  
Changes to the nominal Fe valence induced through the introduction of oxygen 
vacancies are also apparent in the transient reflectance spectra, as shown in Figure 6-4(b). 
For the oxygen stoichiometric LSFO film, there is a characteristic broad negative 
reflectance transient, which is attributed to transitions that involve Fe4+ states (hybridized 
O 2p/majority spin Fe eg states above the Fermi level). As the nominal Fe valence is 
reduced, this negative reflectance transient decreases in magnitude as the positive 
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reflectance change originating from the transition between the valence band and the 
minority spin Fe states in the conduction band begins to dominate the observed spectral 
signal. As with the static absorption, films heated for the longest times approach, but do 
not quite reach, the spectral shape of pure LaFeO3.  
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Figure 6-4. Transient reflectance spectra taken 5 ps following photoexcitation for LSFO 
films with (a) varying Sr fraction (δ ≈0) and (b) oxygen vacancy concentration. Pump at 
4.0 eV, 2.4 mJ/cm2 (oxygen stoichiometric experiments) and 2.7 mJ/cm2 (oxygen deficient 
experiments).  In (a), nominal Fe valence is estimated as 3 plus the Sr fraction. The nominal 
Fe valence associated with the heating times in (b) can be seen in Figure 6-3(b). 
6.7. Near-infrared (NIR) probe of Fe4+ electronic configuration.  
 The NIR region is sensitive to low-energy transitions, such as those that arise from 
the states related to Fe4+.  Here we focus on NIR transient reflectance response of films 
whose nominal Fe valence was tuned with both A-site substitution and oxygen 
stoichiometry.  Figure 6-5(a) and (b) show the differential reflectance in the NIR for the 
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oxygen stoichiometric and oxygen deficient films, respectively, at a pump-probe delay time 
of 5 ps. It is important to note that in the oxygen deficient films, although the same heating 
procedure was used as with the visible ultrafast reflectance experiments, we do not claim 
that the oxygen content is the same as modeled in Figure 6-3(b). Because we could not 
take corresponding ellipsometry data with the NIR experiments, we cannot estimate 
oxygen content, although with increasing heating time it is clear that oxygen vacancies are 
formed.  
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Figure 6-5.Near-infrared transient reflectance spectroscopy for LSFO films with (a,c) 
stoichiometric oxygen (δ ≈0) but varying Sr fraction, and (b,d) LSFO x=0.76 with varying 
oxygen deficiency. (a) and (b) show spectral data at 5 ps following photoexcitation. (c) and 
(d) show kinetics integrated over probed energies of 1.0-1.45 eV. The pump photon energy 
was 4.0 eV and fluence was 0.12  mJ/cm2. In (a,c), nominal Fe valence is estimated as 3 
plus the Sr fraction. 
In both sets of samples, when films have a nominal Fe valence close to 3+, such as 
in LFO and very oxygen deficient LFSO x=0.76, there is a small increased reflectance. As 
the nominal Fe valence increases, it creates majority spin Fe eg conduction band states at 
the expense of analogous states in the valence band, giving rise to a negative reflectance 
change in the NIR region. The magnitude of the NIR reflectance transient depends on the 
joint density of conduction band and valence band states. When the density of majority 
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spin Fe eg / O 2p states in either the conduction band or valence band is low, the reflectance 
transient is small, as is the case for x=0.05 and 0.76. The reflectance transient is maximized 
near x=0.3, indicating a maximum in the joint density of states at that composition.  This 
conclusion is consistent with the work of Wadati et al., who found that the spectral weight 
of majority spin Fe eg / O 2p valence band states decreased superlinearly with increasing 
Sr fraction, while the conduction band states increased approximately linearly with x. This 
implies that the product of conduction and valence band states derived from majority spin 
eg states is maximized near x=0.3-0.4 in LSFO.
36 Similar trends in the magnitude of the 
reflectance transient with increasing oxygen deficiency in the x=0.76 film are observed as 
with Sr alloying.  Due to the sign and energetic location of the transients near the band gap, 
we hypothesize that the transient arises from carrier band filling. Moreover, dynamic 
changes described above also corroborate this hypothesis.  
To understand the dynamic properties of the photoexcited carriers associated with 
Fe4+-induced transitions, the reflectance transients were monitored with time, as shown in 
Figure 6-5(b). The time delay following excitation varied between fs and a few ns, giving 
carrier dynamics on timescales relevant for recombination. The kinetics shown in Figure 
6-5(b) were analyzed by integrating the spectral signal from 1.0-1.45 eV, thereby including 
the largest number of carriers contributing to the signal.  The kinetics were normalized by 
the maximum differential reflectance to allow the temporal response between samples to 
be compared. The kinetics were fit with a bi-exponential decay model convoluted with a 
Gaussian instrument response: 
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∆𝑅
|∆𝑅𝑚𝑎𝑥|
= [𝐴1 exp (−
𝑡
𝜏1
) + 𝐴2 exp (−
𝑡
𝜏2
)] ⊗ 𝐺𝐼𝑅𝐹  Equation 6 
where the left-hand side is the normalized transient reflectance signal, 𝐴1 and 𝐴2 
are the weights, and 𝜏1 and 𝜏2 are the fitted time constants, which are shown in Figure C-
2. Characteristic sample fits and residuals, are given in Figures C-3-C-6. When probing 
the NIR region in oxygen stoichiometric LSFO, decay on the order of a few picoseconds 
becomes faster with increasing Sr fraction, as shown in Figure 6-5(c) and Figure C-2. 
Moreover, similar changes are observed with oxygen deficient LSFO x=0.76, as shown in 
Figure 6-5(d). In both cases, early time kinetics become faster as nominal Fe valence 
increases. Several physical phenomena could give rise to dynamics on this time scale (τ1), 
including Auger recombination, carrier thermalization, and trapping.  All of these 
phenomena might be expected to depend on the density of Fe4+-induced states above the 
Fermi level. A similar effect has been observed in SrTiO3 doped with La and Cr.23  
The kinetics of the nanosecond-scale decay did not vary dramatically as a function 
of A-site composition for x<0.5, while the compositions with x>0.5 exhibited slightly faster 
kinetics, as shown by the fitted τ 2 values in Figure C-2 and raw kinetics in Figure 6-5(c). 
In oxygen-deficient films, The long time constant was ~2 ns and was relatively independent 
of oxygen content before increasing to 3 ns at longer heating times.  Based on our previous 
work on LaFeO3,
17 we suspect that this longer recombination lifetime can be associated 
with a recombination mechanism mediated by trap states, such as Shockley-Read-Hall or 
surface recombination. Other ultrafast experiments on perovskite oxides have attributed 
nanosecond scale time constants to trapping into localized states,25 and radiative 
recombination.24 
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Similar lifetimes achieved by manipulating A-site and oxygen composition.  The 
ability to alter nominal Fe valence through oxygen vacancies allows us to probe the effects 
of anion point defects on recombination lifetimes by comparing to oxygen stoichiometric 
films with the same nominal Fe valence.  
Physically, this result indicates that the nominal Fe valence, achieved through either 
cation composition or anion vacancies, is a critical factor for photoexcited carrier lifetimes 
in ferrite perovskites. The increased concentration of anion vacancies in the oxygen 
deficient film does not significantly enhance or reduce carrier lifetimes, a surprising result 
given the role that defects commonly play in altering recombination kinetics.42 Our 
findings point to the need for a deeper understanding of the fundamental mechanisms that 
limit recombination times in semiconducting perovskite oxides. 
6.8. Conclusions 
We have demonstrated how both heterovalent A-site substitution and oxygen 
vacancies can be used to control optical absorption in La1-xSrxFeO3-δ perovskite films. Both 
routes of changing the nominal Fe valence produced similar optical absorption spectra. We 
find that the nominal Fe valence is proportional to the absorption coefficient near 1.25 eV 
providing a means to estimate the oxygen deficiency of oxygen deficient LSFO. Ultrafast 
transient reflectance spectroscopy corroborated the optical absorption data, showing the 
systematic creation and population of excited states that depend on the nominal Fe valence 
state. The effect of oxygen vacancies on carrier kinetics was investigated by varying the 
oxygen content in a single La0.24Sr0.76FeO3-δ film. Ultrafast spectroscopy in the NIR on 
oxygen deficient films revealed analogous trends as the oxygen stoichiometric films with 
varying Sr fraction. Surprisingly, carrier dynamics probed in the NIR range of the oxygen 
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deficient film were quite similar to oxygen stoichiometric films with similar nominal Fe 
valence. These results indicate that cation and anion stoichiometry can be used to alter 
optical absorption in ferrites, with both approaches leading to similar photoexcited carrier 
dynamics.  
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Chapter 7. A and B-site co-doping in SrTiO33  
7.1. Introduction  
Perovskite titanates such as SrTiO3 (STO) and BaTiO3 (BTO) exhibit a wide range 
of important functional properties, including ferroelectricity and excellent photocatalytic 
performance. For example, electron-doped STO epitaxial thin films have been shown to 
exhibit the highest carrier mobility of any perovskite oxide.159 STO and BTO also exhibit 
enhanced ferroelectric behavior when grown with epitaxial strain on various substrates.160-
161 The presence of ferroelectricity, along with the good electron mobilities, makes these 
materials good candidates for ferroelectric photovoltaics.162 However, the wide band gap 
of both materials (3.25 eV indirect, 3.75 eV direct)163 limits their applications in this regard. 
This large band gap also limits their use in solar hydrolysis where they would otherwise be 
ideal catalysts, given that the Ti 3d conduction band in STO is well aligned with the half-
cell reaction energy to split H2O to H2.
164  
Given the existing limitations of perovskite titanate materials, research on 
ferroelectric photovoltaics has focused on materials with band gaps in the visible light 
regime. BiFeO3(BFO) thin films, with a band gap of 2.67 eV, have been shown to exhibit 
photoconductivity and photovoltaic behavior under visible light.165-166 However, BFO is a 
material known to produce large leakage currents due to oxygen vacancies and other point 
defects that are commonly present.167 Alternative routes to achieve visible light absorption 
in ferroelectrics have focused on substitution of a transition metal cation with a partially 
                                                 
3 Adapted from R. B. Comes, S. Y. Smolin, T. C. Kaspar, R. Gao, B. A. Apgar, L. W. 
Martin, M. E. Bowden, J. B. Baxter, and S. A. Chambers. “Visible light carrier generation 
in co-doped epitaxial titanate films” Applied Physics Letters 2015 106, 092901 
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filled 3d orbital in place of the d0 transition metal B site cation, such as Ti or Nb. In these 
systems, the 3d electrons lie at higher energies than the O 2p valence band maximum 
(VBM), raising the VBM of the material. Such an approach has been applied in aurivillius 
Bi4Ti3O12 films, with La
3+ dopants substituting for Bi3+ and Co2+ dopants substituting for 
Ti4+ while also creating an oxygen vacancy to maintain charge neutrality.168 This produced 
optical absorption at energies as low as 2.65 eV, similar to that of BFO. Recent work to 
dope bulk ferroelectric KNbO3 has also been successful in reducing the band gap as low as 
1.18 eV through stoichiometric alloying with BaNi0.5Nb0.5O3-δ where δ would be equal to 
0.5 in the case of the expected Ni2+ and Nb5+ oxidation states.118 In each of these cases, 
however, an oxygen vacancy is created to maintain charge neutrality in the doped material, 
which could reduce mobility though defect scattering.  
Work exploring photocatalytic applications of titanates offers a viable route to 
prevent the defects produced when a transition metal cation with a different oxidation state 
is doped into the material. Through the addition of a compensating A-site dopant, it is 
possible to maintain charge neutrality in the material without creating an oxygen vacancy. 
This has been demonstrated in Cr3+-doped STO, where the substitution of equal 
concentrations of La3+ donors onto the Sr2+ site produces stoichiometric Sr1-xLaxTi1-xCrxO3 
(SLTCO).169-170 In powder samples, visible light absorption and enhanced solar hydrolysis 
were observed in SLTCO, with a reported optical band gap of 2.12 eV.171 It was recently 
demonstrated that epitaxial SLTCO thin films could be prepared using oxide molecular 
beam epitaxy and showed that these films have ideal oxygen stoichiometry,  thereby 
exhibiting visible light absorption at energies as low as 2.3 eV.172 This approach offers a 
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viable route to synthesizing ferroelectric titanate photovoltaic thin films free of 
compensating defects.  
Here we explore the dynamic optical properties of photoexcited carriers in these 
films. Ultrafast transient reflectance spectroscopy measurements are in agreement with the 
observations from ellipsometry and confirm that optically generated carriers are present 
for longer than 2 ns.  
7.2. Experimental  
 Epitaxial SLTCO films were grown on (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) 
substrates using oxide molecular beam epitaxy via a shuttered growth technique with film 
stoichiometries controlled to within 1–3 at. % for Sr and Ti, and La:Cr ratio to 5%. . 
Homogeneous SLTCO films with doping levels, x, of 0.03 (20 nm) and 0.10 (25 nm) were 
grown at 700° C in 3×10-6Torr molecular O2 at a rate of 2.7 Å/min, and were capped with 
2 unit cells (u.c.) of STO to prevent over-oxidation of Cr during the cooling process. STO 
control films were grown using an electron cyclotron resonance (ECR) microwave oxygen 
plasma source to ensure full oxidation, though this is not absolutely necessary given the 
growth conditions.18 An additional 20 nm thick 10% SLTCO film was fabricated for 
photoelectrochemical (PEC) yield experiments with a 5 nm thick 3% La-doped STO 
bottom electrode and a 5 nm thick STO capping layer. A 20 nm thick STO film with the 
same bottom electrode was also fabricated for comparison. All films were coherently 
strained to the substrate with out-of-plane lattice parameters consistent with stoichiometric 
STO films on LSAT.19 All grown and static  
Ultrafast pump-probe transient reflectance (TR) spectroscopy was performed to 
measure photoexcited carrier dynamics in the films with the experimental technique 
90 
 
 
described earlier. Sergey Smolin performed the ultrafast measurements and associated data 
analysis while other components of this work were performed by Comes et al.129 
7.3. Probing doping-induced transitions 
To further examine the nature of the optical excitations in SLTCO, ultrafast pump-
probe transient reflectance spectroscopy was performed to measure the lifetimes and 
spectral response of photoexcited carriers. A detailed overview of the experimental setup 
has been described previously.173 Briefly, a 4.0 eV pump pulse was used to photoexcite 
electrons into the conduction band, and a white light probe pulse with a spectral range of 
1.8-3.8 eV was used to monitor populations of photoexcited carriers with time resolution 
of 50 femtoseconds and range of several nanoseconds. Every other pump pulse was 
blocked with an optical chopper so that the photoexcited properties could be measured 
relative to a non-photoexcited reference.  
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Figure 7-1. (a) Map of change in reflectivity with time and probe energy; (b) Spectral 
response at ~5 ps; (c) Normalized transient reflectivity at the energy corresponding to the 
minimum in ΔR. Points are experimental data and lines show the model.  In all cases the 
films were pumped at 4 eV with 1.06±0.04 mJ/cm2-pulse. 
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A color map of the change in reflectivity as a function of probe energy and delay 
time is shown in Figure 7-1(a) for the 3% doped film. Similar figures for STO and the 
10% doped film are shown in Appendix E. Cuts from these color maps are shown in Figure 
7-1(b) and (c) to facilitate comparison of spectral and kinetic responses of the three 
samples.  The SLTCO films both show distinct transient reflectance feature between 2.5 
and 3.0 eV that is consistent with the ellipsometric data,129 supporting the onset of the Cr 
3d → Ti 3d transition in that range. The local minimum is ~2.8 eV and ~3.0 eV for the 3% 
and 10% samples, respectively, which corresponds to a slightly larger direct band gap for 
the Cr 3d → Ti 3d transition in films with increased doping. Photoexcitation at 4 eV 
generates carriers in higher-lying states, which appear to cool to this defect band within 
hundreds of femtoseconds, as indicated by the time scale of the onset in Figure 7-1(c). As 
expected, the undoped STO film did not exhibit this distinct band. Instead, the STO film 
exhibits a broad reflectance transient that spans the width of our detection range. Similar 
features have been reported previously for STO,166, 174-176 and attributed to a range of causes 
including defect bands,175 intraband transitions,48, and hole polarons.174 Features consistent 
with oxygen vacancies or free carriers that have been observed in other pump-probe 
measurements were not observed for either the STO sample or the doped films, in 
agreement with the ellipsometry data that showed no Drude response.177  
Carrier dynamics were evaluated by tracking the transient reflectivity of each 
sample at the probe energy corresponding to its minimum ΔR, as shown in Figure 7-1(c) 
which plots ΔR normalized by its maximum value near t=0.  In this regime, |ΔR/ΔRmax| is 
equivalent to n/ni, where n and ni are the carrier density and initial carrier density.  The 
decay kinetics show two main features: a strong decay in which the majority of carriers 
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recombine within 10 ps, and a slower decay that extends into the nanosecond range. 
Roughly 10% of carriers are still present after 2 ns.  
7.4. Auger and Shockley-Read-Hall (SRH) recombination model 
The kinetics were fit well by the model:  |
∆𝑅
∆𝑅𝑚𝑎𝑥
| = 𝐴1(1 + 𝑘1𝑡)
−
1
2 +
𝐴2 exp (−
𝑡
𝜏2
). The first term arises from Auger recombination and captures the dynamics 
within the first few picoseconds when carrier densities are very high. The second term 
arises from first-order recombination processes such as Shockley-Read-Hall 
recombination, and it captures the dynamics at longer times. The 𝐴𝑖 parameters represent 
the relative weights, 𝑘1 is the rate constant of Auger recombination and is dependent upon 
the initial carrier density, and 𝜏2 is time constant of SRH recombination. The fits are shown 
in Figure 7-1(c), fit parameters are given in Table 2, and additional details regarding the 
model are provided in the Supporting Information. 
Table 7-1. Fitted parameters for kinetics using an Auger and Shockley-Read-Hall 
recombination model. Pump at 4 eV.  
Sample Auger SRH 
𝐴1 𝑘1(ps
-1) 𝐴2 𝜏2(ps) 
SLTCO 3% 0.98±0.02 3.28±0.18 0.09±0.004 3284±787 
SLTCO 10% 0.79±0.02 4.18±0.31 0.20±.004 964±66 
 
While other models might also be consistent with the data, this model is based on 
physically reasonable recombination mechanisms.  According to previous work,173 and 
given the high excitation intensity  of 1.06 mJ/cm2-pulse, the fast decay in the first few ps 
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is likely due to Auger recombination. Indeed, when monitoring kinetics within only this 
time window, the rate of decay was best represented simply by |
∆𝑅
∆𝑅𝑚𝑎𝑥
| = 𝐴1(1 + 𝑘1𝑡)
−
1
2 
derived from Auger recombination, as shown in the Appendix D. Auger recombination 
lifetimes correlate inversely with carrier density of photoexcited holes in the Cr 3d band.  
The 10%-doped film is likely to have a higher density of Cr 3d states than the 3%-doped 
film, which is consistent with the faster early-time kinetics observed in the more highly 
doped film. 
The exponential decay had time constant, 𝜏2, on the order of nanoseconds for both 
samples.  The exponential decay model is consistent with SRH recombination. The more 
highly doped SLTCO sample showed a shorter SRH time constant, which could be due to 
higher concentrations of mid-gap defect states with increased doping.  This exponential 
decay could also arise from surface recombination or other mechanisms. In any case, the 
slow decay process enables a significant fraction of long-lived carriers that may be 
harnessed for photovoltaic or photocatalytic applications.  
In summary, we have explored optical carrier generation in functional La, Cr co-
doped SrTiO3 epitaxial thin films using a variety of characterization techniques. 
Spectroscopic ellipsometry confirmed that the direct band gap of the doped films is reduced 
by the addition of stable Cr3+ dopants, and that the reduction in the band gap varies 
inversely with doping levels. This is attributed to the removal of the lowest lying Ti 
conduction band states as more Cr ions are substituted for Ti ions on the B site, and is 
supported by measurements of the direct band gap for the O 2p → Ti 3d transition. 
Transient reflectance measurements confirmed the presence of an absorption band in the 
energy range expected for Cr 3d → Ti 3d transitions and agreed well with the ellipsometry 
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measurements. We find that increases in Cr doping concentration enhance the photoexcited 
carrier density based on the reduction in the Auger recombination lifetime with doping. 
Other carrier lifetimes were comparable between the doped films and undoped STO, 
suggesting long-lived photoexcited carriers due to the presence of stable Cr3+ dopants. 
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Chapter 8. Conclusions and Implications 
Ultrafast transient absorption and reflectance spectroscopy are two of the few 
techniques capable of measuring dynamic optoelectronic phenomena in semiconductors, 
having the ability to probe recombination mechanism, charge transfer rates, and heat flow. 
As these dynamic phenomena are important to many solid state devices, their measurement 
should facilitate design improvements. However, it is often non-trivial to decouple 
electronic and thermal phenomena in ultrafast data, leading to a lack of clarity on important 
material properties. In this thesis, I have tried to build a comprehensive framework of the 
theoretical, experimental, and practical methodologies underpinning the acquisition and 
interpretation of ultrafast transient data. Careful design of materials and experiments 
presented here aids in disentangling carrier-induced and heat-induced phenomena. After 
correct interpretation of ultrafast data, more complicated material conditions, such as 
composition-dependent studies can be performed with confidence.  
Given that the static material properties in perovskite oxides are known to change 
with crystal structure and composition, it is surprising that very few studies exist which 
measure how dynamic optoelectronic properties, such as recombination lifetimes, can be 
tuned. The ultrafast work presented is one of the first comprehensive studies of how 
composition, a specifically B-site valence, in perovskite oxides plays a critical role in 
recombination. This result was unexpected and deserves future investigation. Especially 
given the rich chemical diversity of perovskite-based oxides, many future studies are 
warranted to create design rules for tuning dynamic optoelectronic properties. Based on the 
ultrafast data, perovskite oxides such as LaFeO3 are promising for light harvesting 
applications and should be explored further.   
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My hope is that this thesis both spurs and serves as a guide for future ultrafast 
research into perovskite oxides and other novel semiconductors.   
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Appendix A. Supporting Information for Chapter 2 
Derivation of Equation A-1: 
For a film in which light is reflected off the front surface and the substrate has a refractive 
index like the film, the transmittance of light is approximated as: 
𝑇 = (1 − 𝑅1) exp(−𝛼𝑥) (1 − 𝑅2) 
Where 𝑅1  is the reflectance at the air-film interface and 𝑅2  is the reflectance at the 
substrate-air interface, 𝛼  is the absorption coefficient, and 𝑥  is the film thickness. The 
derivative of the transmittance with respect to the change in the film’s refractive index and 
absorption coefficient can be described as: 
𝑑𝑇 = (
∂𝑇
∂𝑅1
) (
∂𝑅1
∂𝑛
) 𝑑𝑛 + (
𝜕𝑇
𝜕𝛼
) 𝑑α 
Where it is plain to show that (
𝜕𝑇
𝜕𝛼
) = −𝑥𝑇 and (
∂𝑇
∂𝑅1
) = −
𝑇
1−𝑅1
. If we assume that the 
extinction coefficient 𝑘 is much smaller than the refractive index 𝑛, which is true close to 
the band gap, then  𝑅1 = (
𝑛−1
𝑛+1
)
2
  and consequently (1 − 𝑅1) =
4𝑛
(𝑛+1)2
. Moreover, (
∂𝑅1
∂𝑛
) =
4(𝑛−1)
(𝑛+1)3
. Combining these expressions and rearranging: 
𝑑𝑇
𝑇
= −
(𝑛 − 1)
𝑛(𝑛 + 1)
𝑑𝑛 − 𝑥 𝑑α 
We can approximate the derivative with small finite differences so that ∆( ) = 𝑑( ), which 
yields Equation A-2. 
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Appendix B. Supporting Information for Chapter 4 
 
Figure B-1. Ground-state EELS valence state determination of the bilayer sample 
(LFO)52/(LMO)51/LSAT and comparison with references. Panel (a) presents the Mn L-
edge, references for Mn3+ and Mn4+ are Mn2O3 and MnO2.
49, 178 Panel (b) presents the Fe 
L-edge, references for Fe2+ and Fe3+ in octahedral environment and Fe3+ in square-
pyramidal environment. 179 The reference spectra are taken from Refs.180-181 These two 
graphs justify the nominal valence states of both Mn and Fe to be 3+, already in the first 
unit cell right at the interface. The naming is identical to Figure 2 of the main manuscript. 
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Figure B-2. Expanded view of valence band photoemission spectra for 
(LFO)52/(LMO)51/Nb:STO measured  using 6 keV excitation. Due to the small VBM signal 
from the LMO density of states, the valence band minimum value cannot be derived 
without significant uncertainty. A background line and arrow have been added to illustrate 
a VBM of -0.3 eV relative to EF, which was derived from the other bilayer samples and is 
consistent with this bilayer as well.    
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Figure B-3. HAXPES Fe 2p core level spectra for monolithic LFO and two bilayer 
LFO/LMO films. The constant binding energy position and multiplet structure indicate that 
minimal interfacial interactions occur.  
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Figure B-4. HAXPES Mn 2p core level spectra for LMO and two bilayer LFO/LMO films. 
The shape of the peak at ~642 eV in monolithic LMO differs from LMO in bilayers. 
 
 
122 
 
 
 
 
Figure B-5. Valence band photoemission spectra measured using 6 keV excitation plotted 
with normalized intensity plotted on a logarithmic scale revealing no significant spectral 
intensity (i.e, occupied density of states) at the EF. 
Close inspection of the VB spectra of the uncovered/exposed LMO and the LMO 
sample that is capped/protected with a (LFO)4 layer indicates that the spectral features for 
the latter sample are somewhat broadened and the intensity of the density of states that 
form the leading edge around -0.8 eV is less pronounced for the uncovered LMO. This can 
be interpreted as a superposition/attenuation of the LMO VB states with/by VB states of 
the oxidized LMO surface. The fact that the spectral differences are not as apparent as in 
the Mn 2p spectra (Fig. S4) can be ascribed to a lower photoionization cross-section and/or 
a higher IMFP of the valence states.  
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Figure B-6. Tauc modeling of the LaMnO3 absorption edge using an indirect allowed 
model for the transition. The obtained band gap ranges from 0.45 to 0.48 eV depending on 
the exact spectral range that is included in the fit, as illustrated by the blue and red lines. 
Hence, due to this uncertainty, in the main manuscript we use a value of 0.5 eV for the 
LMO band gap derived using this method. 
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Figure B-7. (a) X-ray reflectivity data and model fit for the (LFO)41/LSAT sample. (b) X-
ray diffraction data and simulation of the (LFO)41/LSAT sample.  
 
Figure B-8. (a) X-ray reflectivity data and model fit for the (LFO)4/(LMO)44/LSAT 
sample. (b) X-ray diffraction data and simulation of the (LFO)4/(LMO)44/LSAT sample.      
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Figure B-9. (a) X-ray reflectivity data and model fit for the (LFO)7/(LMO)47/LSAT 
sample. (b) X-ray diffraction data and simulation of the (LFO)7/(LMO)47/LSAT sample.          
 
Figure B-10. (a) X-ray reflectivity data and model fit for the (LFO)52/(LMO)51/LSAT 
sample. (b) X-ray diffraction data and simulation of the (LFO)52/(LMO)51/LSAT sample.   
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Figure B-11. (a) X-ray reflectivity data and model fit for the (LMO)55/LSAT sample. (b) 
X-ray diffraction data and simulation of the (LMO)55/LSAT sample     
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Appendix C. Supporting Information for Chapter 5 
Calculation of temperature rise in the material.  
The fraction of light absorbed in a film is given by: 
𝐼𝐴 = 𝐼0(1 − 𝑅)(1 − exp (−𝛼𝑥)) 
For LaFeO3 in Figure 6 𝐼𝐴/𝐼0 was calculated as 0.382, so 𝐼𝐴 was 0.75 mJ/cm2.  energy and 
band gap, we can calculate the heat injected into the film with: 
𝑄𝐴 =
𝐼𝐴
𝑥
 
For a thickness of 16.5 nm, we calculate 4.54 E5 mJ/cm3. Being careful to maintain 
common units, the average temperature rise can be estimated as: 
∆𝒯 =
𝑄𝐴
𝜌𝐶?̂?
(𝐸 − 𝐸𝑔)
𝐸
   
Where 𝜌𝐶?̂?  has units of mJ/cm3 K, and for LaFeO3 this was calculated as 3.02E3 
mJ/cm3 K. The factor of 
(𝐸−𝐸𝑔)
𝐸
   is used because of the assumption that only energy above 
the band gap is converted into heat.  
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Substrate contribution 
 
Figure C-1. LSAT substrate excited at 3.9  mW at 4 eV.  
Fraction of light transmitted to the substrate is  
𝐼𝑇
𝐼𝑜
= (1 − 𝑅1) exp(−𝛼𝑥) (1 − 𝑅2) = 0.333 
Based on the transient absorption figure above, at 1 ns following excitation, the 
dT/T=0.003. In the LFO/LSAT film, accounting for the fact that 1/3 of the light is 
transmitted through the LFO and correcting for the difference in pump fluence, we estimate 
that LSAT has contribution of roughly dT/T= 0.0012 at 1 ns after excitation in the 
LFO/LSAT probing at 2 eV. In the LFO/LSAT data, at 1ns the signal at this energy is 
0.0047, as shown in Figure 6(a), therefore we estimate the substrate contributes 25% of the 
signal in this energetic range.   
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Figure C-2. ex situ thermal difference spectra obatined through tmperature dependent 
ellipsometry for LFO.  
 
Figure C-3. ex situ thermal difference spectra obatined through tmperature dependent 
ellipsometry for LMO.  
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Figure C-4. Comparison of reflectance spectra of LFO.  
 
Figure C-5.  Reflectance change kinetics for LFO, following excitation at 3.1 eV 
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Appendix D. Supporting Information for Chapter 6 
 
Figure D-1. Energy as a function of x for the transition between the valence band and the 
minority spin Fe 3d t2g conduction band as determined by fitting the optical absorption to 
a direct forbidden transition.  
 
 
 
 
132 
 
 
  
Figure D-2. Fitted time constants from the biexponential fit of the near infrared transient 
reflectance spectroscopy data. Panels (a) and (b) correspond to fast and slow components 
of the kinetics, respectively, for the oxygen stoichiometric films with changing Sr 
fraction. Panels (c) and (d) correspond to fast and slow components of the kinetics, 
respectively, for the oxygen deficient LSFO films with changing oxygen content. 
Standard error of the fit of a specific kinetic trace is smaller than the size of the symbols, 
and experimental uncertainty associated with power fluctuations and uncertainty in the 
beam profile is estimated to be 5%. 
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Figure D-3. Normalized UV/ Visible transient reflectance kinetic data (symbols) and 
biexponential fit (line) with residuals (inset). Data is for oxygen stoichiometric x=0.05 
film. 
 
 
Figure D-4. Normalized NIR transient reflectance kinetic data (symbols) and bi-
exponential fit (line) with residuals (inset). Data is for oxygen stoichiometric x=0.05 film. 
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Figure D-5. Normalized UV/Visible transient reflectance kinetic data (symbols) and 
biexponential fit (line) with residuals (inset). Data is for the oxygen deficient x=0.76 film, 
heated for 20 min. 
 
 
Figure D-6. Normalized NIR transient reflectance kinetic data (symbols) and bi-
exponential fit (line) with residuals (inset). Data is for the oxygen deficient x=0.76 film, 
heated for 20 min. 
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Appendix E. Supporting Information for Chapter 7 
Transient refelectance (TR) measurements were performed on all three samples discussed 
in the main paper, but only the spectral color map for the 3% doped SLTCO sample was 
included in the text for space. Spectral color maps of the STO control sample and the 10%-
doped SLTCO film are shown below in Figure E-1. For the STO film, a broad negative 
reflectance bleach is observed with no distinct energy bands in the region of interest. This 
bleach is consistent with what is seen in a pure STO single crystal substrate (see Figure 
E-2), indicating that the STO film exhibits the expected behavior in the TR measurements. 
The 10% doped film exhibits a band of decreased reflectance between ~2.5 and ~3.25 eV, 
similar to what was seen in the 3% doped sample. No TR intensity was observed for the 
LSAT substrate, which has a wider optical band gap than the 4.0 eV pump laser beam, as 
can be seen in Figure E-3. 
 
Figure E-1: Color maps of time and energy dependence of reflectivity for a) SrTiO3 and 
b) 10% doped SLTCO. 
a 
b 
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Figure E-2: Reflectance versus energy for SrTiO3 substrate showing the same broad 
bleach feature as in the STO film. The pump-probe time delay is 5 ps.  
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Figure E-3:  a) Reflectance transient color map and  b) line profile for LSAT substrate 
showing no change in reflectance. 
Fitting  
Reflectance transients were fit with an Auger-SRH model:  
|
∆𝑅
∆𝑅𝑚𝑎𝑥
| = 𝐴1(1 + 𝑘1𝑡)
−
1
2 + 𝐴2 exp (−
𝑡
𝜏2
) 
This four-parameter model fit the data well and is derived from a physical understanding 
of the material system.  The reflectance transient was monitored at its local minima and 
normalized by its maximum magnitude. 
a 
b 
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The rate of in Auger recombination is given as 
𝑑𝑛
𝑑𝑡
= −𝐶𝑛3 , whose solution is(
𝑛
𝑛𝑖
) =
1
(1+𝑛𝑖
2𝐶𝑡)
1
2
. Where C isa fit parameter and 𝑛𝑖  is the initial photoexcited carrier density. 
Analogously, the rate of carrier decay in SRH recombination is given as 
𝑑𝑛
𝑑𝑡
= −𝐴𝑛, whose 
solution is
𝑛
𝑛𝑖
= 𝑒𝑥𝑝 (−
𝑡
𝜏
), where τ=A-1. Assuming that the two recombination mechanisms 
occur on different time scales, a linear combination of them is justified and provides clear 
identification of each mechanism. Moreover, because(
𝑛
𝑛𝑖
) = (|
∆𝑅
∆𝑅𝑚𝑎𝑥 
|), it is possible to fit 
the reflectance data to the recombination model mentioned above. In fitting the Auger 
model 𝑘 = 𝑛𝑖
2𝐶 was used to simplify the fitting procedure.  
 
Auger recombination rate dependence in the first few ps 
As mentioned above, the rate of carrier decay in Auger recombination is given as 
𝑑𝑛
𝑑𝑡
=
𝐶𝑛3 . Solving this equation and linearizing gives (
𝑛𝑖
𝑛
)
2
= 𝐴 + 2𝑛0
2𝐶𝑡 . Because (
𝑛
𝑛𝑖
) =
(
∆𝑅
∆𝑅𝑚𝑎𝑥
), a plot of (
∆𝑅𝑚𝑎𝑥
∆𝑅
)
2
 vs 𝑡 will be linear if the data are consistent with this model, as 
shown in Figure 6(c). Also, when compared to other linearized expressions for Shockley-
Read-Hall (SRH), and radiative recombination, as shown in Figure 6 (a)-(b), Auger 
recombination results in the most linear fit in the first few ps, suggesting that Auger 
recombination dominates the decay in the first few ps.  
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Figure E-4. linearized kinetic data for  (a) SRH, (b) radiative recombination, and (c) Auger 
recombination. Data from 3% SLTCO sample.  
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